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VOORWOORD 
Op de kaft van een proefschrift staat meestal maar één naam. Dat is niet helemaal een 
goede voorstelling van zaken. In mijn ogen is het nagenoeg onmogelijk dat een persoon 
geheel alleen een dergelijk werk kan afleveren. Er is veel hulp bij nodig; adviezen, 
kritieken en zowel fysieke als morele ondersteuning. Een groot gedeelte van deze 
ondersteuning wordt geleverd door mensen van wie dit, uit hoofde van hun functie, 
verwacht mag worden. Deze pagina is niet voor hen. Zij kunnen hun voldoening vinden in 
het feit dat het werk naar verwachting is uitgevoerd. Maar ze is wel voor de mensen in 
mijn omgeving die veel verder gingen dan het uitoefenen van hun functie én voor 
diegenen die niets met mijn werk te maken hadden maar door hun belangstelling het 
voltooien van dit proefschrift mogelijk maakten. 
-Beste Kees en Riks, als promotores hebben jullie mij veel geleerd over jullie, en nu ook 
mijn, vakgebied. Waar ik jullie nu voor wil bedanken is echter iets anders. Kees, jij gaf 
me zelfvertrouwen als ik weer eens absoluut geen reden zag in mijn eigen vermogen te 
geloven en je vergat nooit de mens achter de wetenschapper, met al zijn ups en downs. 
Een discussie met Riks over het werk heb ik eigenlijk nooit gevoerd. De beste omschrij-
ving is een "soort gezamenlijk brainstormen", waarbij geen enkel idee onbespreekbaar was 
en het beste uit alles gecombineerd werd. 
-Mijn "dier"bare collegae: Minke, Francis, Jan, Carlo, Eric, Jos, Rens, Paul, Harry, Gerard 
Jeannette, Theo, José en Anneke. Jullie hebben er uitstekend voor gezorgd dat ik de 
afgelopen jaren "op scherp" bleef staan. We waren gelukkig niet het type collega's dat om 
5 uur de deur uit loopt en dan eikaars namen niet meer weet. 
-Het leeuwendeel van het praktische werk dat in dit proefschrift beschreven staat is 
uitgevoerd door een kleine groep mensen. Het zijn de studenten en stagiaires die niets 
vermoedend bij mij hun stage kwamen lopen. Dat hebben ze geweten! Paul, Marjolein, 
Metha, Myriam, Wilma, Gerald, Willeke, Gesuino, Maarten, Joep, Maurice en Jean-Paul: 
jullie mogen met recht verkondigen dat dit ook jullie werk is. Het is fijn te weten dat ik 
door de meesten van jullie nu niet meer alleen een begeleider maar ook een vriend 
genoemd wordt. Dat zegt toch wel iets over de wederzijdse waardering en over de 
samenwerking tussen ons. 
-De medewerkers van de afdelingen Grafische Vormgeving en Fotografie wil ik bedanken, 
voor hun schitterend werk dat altijd sneller en mooier was dan ik had verwacht, zelfs al 
kwam ik soms op het allerlaatste moment (of daarna) nog met nieuwe ideëen. 
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-Gerard van der Weerden en zijn medewerkers. Er is veel werk verricht in het kassencom-
plex en de vijvers die daarbij liggen. De opmerkingen die vielen tijdens het vullen van 
potten en het stampen en sjouwen van klei gaven een goede gelegenheid mijn aktiviteiten 
en problemen te relativeren. "Die planten groeien loch wel!" 
-Mijn "vrienden buiten het werk": Gitte & Maarten, Marjolein & Walter, Paul & Monica, 
Metha & Clara, Harrie & Mia, Juul & Corine, Kees en Twan. Jullie inbreng stond meer 
op het moreel ondersteunende vlak. Zonder die steun was dit proefschrift er nooit 
gekomen. 
De reeks is waarschijnlijk nog niet compleet en zal ook nooit compleet kunnen worden. Er 
hebben teveel mensen een bijdrage geleverd. De laatste regels zijn voor een paar speciale 
mensen. Vonnie, ik weet niet of je dit ooit zult lezen. Misschien is dat ook niet belangrijk. 
Jij hebt me onbewust geleerd dat geloof en vertrouwen beginnen waar kennis en weten-
schap ophouden. De voetjes op de kaft zijn voor jou! 
De laatste twee personen die ik wil noemen hebben eigenlijk slechts een vage indruk van 
mijn werk. Ze hoeven die ook niet te hebben om het te kunnen waarderen, omdat ze me al 
lang geleden hun zegen hebben gegeven om mijn eigen weg te kiezen zoals ik dacht dat ik 
die moest gaan. Sommige dingen lijken zo vanzelfsprekend dat we er nooit lang bij stil 
staan. Maar, ik ben gelukkig te kunnen zeggen dat mijn ouders dit proefschrift beiden nog 
hebben kunnen zien. Papa en Mama, een groot deel van dit boekje is al vergeven. Het 
gedeelte dat overblijft geef ik graag aan jullie. 
O 
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chapter 1 
GENERAL INTRODUCTION 
Regular and irregular occurring floods turn river forelands into very dynamic landscapes. 
Flooding results in a vegetation gradient from low situated, regularly flooded to high lying, 
seldom flooded sites (Blom et al, 1990) Did floods mostly occur during winter and spring in 
the past, as a result of recent hydro-cultural efforts along the river benches they more and 
more also occur during the growing season of the plants. A second cause of diversity in the 
vegetation of the river forelands is Ihe type of management. River areas arc commonly used 
for agricultural purposes or as nature reserves. In both cases cattle will be introduced into the 
forelands, either to forage or as an instrument to increase biodiversity. Cattle grazing not only 
affects those plants that are eaten but also those that are exposed to regular trampling. 
Trampling, within or outside the river area has a very pronounced effect on the composition 
of the vegetation, as illustrated by studies on cattle paths (Liddle & Greig-Smith, 1975"*"). 
There is no direct relation between the occurrence of flooding and trampling, with the 
exception that at sites with a sufficiently deep flood, trampling will no longer occur 
Trampling affects the plant by damage to the shoots and by compaction of the soil. Soil 
compaction results in an inhibition of root growth. This can be the result of either an 
increased resistance of the soil to root penetration or a decreased gas exchange resulting in 
hypoxia or anoxia of the soil. 
Plants inhabiting flooded or trampled sites should have some kind of adaptation to the 
stresses thrown upon them. The physical nature and the responses of individual plants or 
species to the separate effects of flooding and trampling are well studied and described in 
literature. Adaptations can either be at a morphological (eg Meerts & Vekemans, 1991; 
Voesenek et al., 1989), physiological (e g Prioul and Guyot, 1985; Jackson and Drew, 1984) 
or life-history level (e g. Voesenek & Blom, 1992, Meerts & Vekemans, 1991, Van der Sman 
et al, 1993) However, very little is known about the combined effects of floods and 
intermittent periods of trampling on plants. 
Effects of flooding on plants (Fig. 1) 
The impact on a plant caused by a flood depends on characteristics such as: duration, 
water depth, frequency and timing in the plant's life cycle. The largest impact is obtained 
when floods occur in the growing season. Depth of a flood may range from soil 
waterlogging, with almost the complete shoot protruding above the water surface via 
partial submergence, in which only part of the shoot protrudes the water surface to 
complete submergence when the whole plant is flooded and contact with the atmosphere is 
lost. When the complete plant is flooded photosynthetic activity may decrease (Nielsen, 
1993). Dramatic changes also take place in the soil (Ponnameruma, 1984). Gas diffusion 
in a waterlogged or submerged soil is severely inhibited (Armstrong et al., 1991). Oxygen 
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remaining in the soil is consumed by root respiration or soil organisms. Thus, a poorly 
aerated, hypoxic or even anoxic soil can develop. Under these circumstances important, 
oxygen-dependent microbial processes like nitrification will no longer take place (Laan-
broek, 1990) and oxygen for root respiration is not available from the environment. Also 
toxic substances originating from anaerobic metabolism by plants or bacteria can accumu-
late (Ponnamperuma, 1984). Availability of plant nutrients changes with the redox status 
of the soil (Laanbroek, 1990). Once the remaining oxygen is consumed different groups of 
bacteria may use inorganic compounds as electron acceptor in a well defined sequence of 
anaerobic oxidation processes. These processes result in a decrease of the soil's redox 
potential. The first anaerobic process to occur is the reduction of nitrate to N2 or ammonia 
by denitrifying and nitrate ammonifying bacteria, respectively. As nitrate becomes limiting 
the reduction of manganese (IV) oxide and ferric oxides starts. Both compounds can be 
used by bacteria to generate energy. The reduced ions that are produced may induce iron 
or manganese toxicity in the plants as a result of their increased availability compared to 
the oxidized form. At very low redox potentials (-150 mV) sulphate will be reduced by 
several genera of strictly anaerobic bacteria. The sulphide produced is toxic to plants. 
Plants may avoid exposure to such conditions by trying to complete their life cycle in a 
very short time, thus the species survives floods by the formation of a seed bank (Van der 
Sman, 1993). Individuals may tolerate shortage of oxygen for some time by generating 
energy needed for maintenance by fermentation (Jackson & Drew, 1984). Perhaps the 
most important and obvious adaptation to flooding of an individual plant is the evasion of 
hypoxic conditions by morphological adaptations. Flooding resistant plants can achieve 
this by the production of new roots (Laan et al., 1991). These roots can either be superfi-
cially growing at the more oxidized soil/water interface (Etherington, 1983) or have a high 
porosity, usually in the form of long channels (= aerenchyma) in the cortex (Justin & 
Armstrong, 1987; Laan et al., 1989a), enhancing the possibilities of internal aeration. When 
the shoot is not submerged atmospheric oxygen can diffuse through the leaves and stems 
to the roots. Part of this oxygen may be lost to the soil, creating an oxidized layer around 
the roots (Laan et al., 1989"). In this layer the negative effects of the bacterial reduction 
processes, as described above, can be counteracted by re-oxidation of reduced nutrients by 
aerobic bacteria. When the shoot is submerged oxygen may become available from 
photosynthetic activity (Laan & Blom, 1990). However, many species seem to rely more 
on a second morphological adaptation, the enhanced elongation rate of petiole and lamina 
elongation (Voesenek et al., 1989; Voesenek et al., 1990). When these fast growing leaves 
are able to restore contact with the atmosphere, the plant regains an unlimited supply of 
oxygen at its disposal. 
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A second, less obvious, effect of flooding upon the physical status of the soil is the 
collapse of large pores in the soil resulting in a mild form of soil compaction. When the 
soil is flooded large aggregates may be broken down into smaller ones (Hadas, 1990). As 
the water level transgresses these small particles are rearranged in a more dense manner, 
creating a smaller average soil pore diameter. When the water content of the soil between 
floods decreases this small soil pore diameter may be accompanied by an increase in 
mechanical resistance to root penetration. 
TRAMPLING FLOODING 
i 
bulk density 
(=soil compaction) 
I 
mean soil 
pore diameter 
mechanical 
resistance 
% waterfilled 
soil-pores 
gas diffusion 
hypoxia 
Figure 1: Interactions between effects of flooding and trampling on soil parameters. A 
narrowing arrow indicates a decrease and a broadening arrow an increase. 
Effects of trampling on plants (Fig. 1) 
In the soil, regular trampling by cattle, humans or vehicles will result in soil compaction 
(Crawford & Liddle, 1977; Blom, 1979; Krenzer et al., 1989). Analogous to the effects of 
flooding, the effects of trampling can be divided in an above-ground and a below-ground 
component. When trampling is caused by grazing cattle, even shoots that are not eaten can 
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still be severely damaged by trampling. In this thesis "soil compaction" refers to the 
increase in bulk density (soil dry matter per unit volume, see Vomocil & Flocker, 1961). 
Usually, soil compaction results in a shift from large to small soil pores (Cannell, 1977), a 
reduction of the total pore volume (Kamaruzaman Jusoff, 1988) and an increase in the 
percentage of soil pores filled with water (Boone et al., 1986). Depending on the soil 
moisture content, compaction by trampling will result in hypoxia or an increased 
resistance to root penetration (Boone et al., 1987). Even when not all the soil pores are 
filled with water a discontinuity of the airfilled pores can result in hypoxic conditions 
(Grable & Siemer, 1968). The growth of plant roots is directly affected by a decreased soil 
pore diameter (Moss et al., 1988) often in combination with an increased resistance of the 
soil to deformation by roots. When soil pores are large enough, the roots can elongate 
without any difficulty. But when the soil pore diameter is smaller than the root diameter, 
elongation of the root depends on the root's ability to exert a pressure higher than the 
resistance of the soil to deformation (Wiersum, 1957; Young & Bengough, 1989). Root 
growth in heavily compacted soils can be severely inhibited, also influencing shoot 
performances (Atwell, 1990). 
Adaptations exist to overcome both the loss of shoot biomass as a result of trampling and 
the high mechanical pressures in the soil. Shoot biomass losses can be prevented by 
allocating a large part of the photo-assimilates to less vulnerable belowground plant parts, 
e.g. tap roots, by the possession of folded leaves as exhibited by several trampling 
resistant grasses, by having strong tissues able to resist high tearing strengths (Lucas et al., 
1991; Choong et al., 1992) or by a (hemi)-cryptophytic, prostrate growth form (Warnick, 
1980; Meerts & Vekemans, 1991). High mechanical pressures in the soil can be avoided 
by growing in cracks or biopores. When these are not present roots will have to displace 
the soil particles in front of the root tip. This can be achieved by radial expansion of the 
root just behind the root tip (Hettiaratchi, 1990). The ability to deform the soil in order to 
penetrate is likely to be correlated with individual root characteristics, such as root 
diameter (Materechera et al., 1992), and thus depends on the species. 
Combined effects of flooding and trampling 
It is important to recognize the fact that flooding and trampling in principle can induce the 
same limitations to plant root growth, i.e. lack of oxygen and increased mechanical 
resistance to root penetration. Both have their implications on nutrient acquisition. An 
increased mechanical resistance reduces the volume of soil explored by a plant (Blom, 
1979) and hypoxia changes the redox status of a number of nutrients and hence their 
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availability to the plant (Laanbroek, 1990). However, there are some important differences. 
In the case of trampling the major effect on dry soils will be an increase in mechanical 
resistance. But when a moist soil is trampled hypoxia and increased mechanical resistance 
may occur at the same time. In a flooded soil these two effects are separated in time. 
Hypoxia will occur during a flood but an increase in bulk density and increased mechan­
ical resistance will occur after the flood. A combination of hypoxia and an increased 
mechanical resistance of the soil is most likely found in moist soils which become com­
pacted by trampling. An event that occurs mostly on lower situated places in the river 
forelands, that are trampled by cattle. 
20 40 60 Θ0 
moisture content (% of W.H.C.) 
Figure 2: Penetrometer values (MPa, ± 1 SD) and bulk densities (kg t', ± 1 SD) of the 
soil mixture used at different moisture contents (% of Water Holding Capacity) when 
trampled 0 (O), 3 (9), 6 (Ώ) or 12 (Ш) times. Applied pressure was 0.8 kg cm'. n=5. 
The behaviour of the soil to compaction and flooding as described in the paragraphs above 
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is highly dependent on the composition of the substratum. All experiments concerning the 
effects of trampling, compaction, flooding and waterlogging were carried out with a sand/ 
sandy clay mixture. The ratio sand/clay was 3:1 for chapters 2, 4 and 5 and 1:1 for 
chapter 3. The mechanical resistance and bulk density of this soil mixture were studied at 
different trampling intensities and different soil moisture contents (Fig. 2a, b). With an 
increasing trampling intensity penetrometer values increased. When the soil became 
overwet (moisture content a 100 % of water holding capacity), only the heaviest trampling 
regime resulted in an increase in penetrometer values compared to non-trampled soil. Bulk 
density showed the same pattern. In another experiment water saturation of the soil 
mixture followed by a period of evaporation of excess water resulted in an increase of 
bulk density to 1.47 g cm"1, compared to 1.41 g cm"3 for a loosely packed soil (chapter 4, 
this thesis). The soil mixture used in the experiments thus reacts in a way very similar as 
described in the paragraphs above. 
Aims and outlines of this thesis 
This thesis is part of a major research programme investigating the distribution of plant 
species throughout the river forelands. Previously published research has focused mainly 
on adaptations throughout the regenerative and established phase of the plant life cycle 
(Voesenek, 1990), morphological and metabolical adaptation to root anaerobiosis (Laan, 
1990), and flowering characteristics and life-history traits (Van der Sman, 1992). These 
studies have provided a great insight into the mechanisms determining the occurrence of 
different species in a gradient of frequently to non-flooded places. 
Inherent to the to use of indicator species throughout a number of experiments, all 
experiments were carried out with a small number of species, selected for their position in 
a flooding gradient or known resistance to trampling (Fig. 3). By using different closely 
related Rumex and Plantago species as indicators for general mechanisms of tolerance to 
flooding, the observed mechanisms can be applied to a large number of less closely 
related species. The investigated species were selected for their occurrence in relation to 
flooding and trampling in the field (Fig. 3). Four Rumex species from habitats with 
different flooding regimes were used: Rumex thyrsiflorus Fingern, from high, very seldom 
and very shortly flooded sites, Rumex acetosa L. from high, seldomly and shortly flooded 
sites, Rumex crispus L., from relatively low sites with frequent, short and long lasting 
floods and Rumex palustris Sm. from low lying, frequently, long flooded sites. The four 
Rumex species are found on sites which are not to moderately trampled, not on places 
which are heavily trampled. In contrast, the two investigated Plantago species occupy 
places which are heavily trampled. Plantago major ssp. major L. on higher, relatively dry 
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grounds on and along heavily trampled tracks and Planlago major ssp. pleiosperma Pilger, 
on lower wet soils which are regularly trampled (Blom et al., 1990; van de Steeg, 
unpublished observations). 
Figure 3: Distribution of the species studied within the river forelands 
One aim of this thesis was to evaluate the observed morphological adaptations, i.e. shoot 
elongation and aerenchyma production, when flooding is combined with trampling. The 
main question is whether the production of a new root system with large longitudinal 
channels, in a hypoxic soil, still is beneficial when the external pressure on the root 
increases. The approach used is to start with the total set of external stresses as mentioned 
in the paragraphs above and to shift to more well-defined parameters in later experiments. 
Together with the shift from a trampling/total flooding treatment to small, confined soil-
pore diameters/hypoxia experiments, the attention shifts more and more to the root system 
and, finally, to the performances of individual roots. Chapter 2 describes the results of a 
large scale outdoor experiment in which two Rumex and two Planlago species were 
submitted to a flooding treatment, trampling or a combination of both. In chapter 3 the 
effects of trampling on several Rumex and Plantago species on moist soil were separated 
into a shoot damage and a soil trampling effect. R. acetosa, R. palustris and P. major ssp. 
major were submitted to a treatment of soil waterlogging or increased bulk density and the 
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development of their root systems in these soils was studied, as presented in chapter 4. In 
chapter 5 the results are given from experiments in which the same three species were 
grown under well defined conditions in water culture with a substrate with large or small 
pores under hypoxic or anoxic conditions. Internal structure and elongation of individual 
roots was studied as well as the release of oxygen from roots grown under comparable 
conditions in a pot experiment. 
Another aim of this study was to investigate the possibility of the root system to influence 
NOj~ uptake by a plant in a waterlogged or compacted soil. In chapters 6 and 7 the 
influence of radial oxygen losses from roots on nitrification rates in a waterlogged soil and 
nitrate uptake by the plant is described. The microbial process of nitrification can only 
take place when oxygen is available to the nitrifying population. The release of oxygen is 
highly dependent on the internal structure of roots from different species, and thus on the 
morphological adaptation of roots to hypoxia. The availability of NO, in the nutrition of 
some Rumex increased their relative growth rate (Langelaan & Troelstra, 1992) and would 
therefore be beneficial to the plant's performances in the field. Chapter 8 describes the 
ability of roots to alter their ΝΟ,'-uptake rates as a response to starvation induced by a 
high mechanical resistance to root penetration. 
In the final chapter the main conclusions of the separate chapters are summarized and a 
synthesis with respect to answering the aims of this thesis is given. 
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SURVIVAL, GROWTH AND REPRODUCTION OF RUMEX AND PLANTAGO 
SPECIES AS AFFECTED BY FLOODING AND TRAMPLING 
Summary 
1. Large-scale outdoor experiments were carried out to study the effect of a combined 
regime of flooding and trampling on survival, growth and reproduction of some species from 
river forelands. 
2. Species were selected according to their occurrence in the field in relation to trampling 
and flooding; R. acetosa from seldom flooded, extensively grazed sites; R. crtspus from 
frequently flooded, untramplcd sites; P. major ssp. pleiosperma from regularly flooded, non-
to heavilly trampled sites and P. major ssp. major from seldom flooded, very heavily 
trampled sites. 
3. Only R. cripus showed obvious morphological adaptations to flooding but their signifi-
cance was vastly reduced when flooding was combined with trampling. 
4. Although they did not possess any important morphological adaptations both Plantago 
species survived flooding. Seed production of these species was not negatively affected by 
flooding, trampling or a combination of both. 
5. Below-ground parameters of both Plantago species and R. crispus were negatively affected 
by trampling during at least some stages but this did not influence survival or flowering. 
6. R. acetosa was negatively affected by trampling, flooding and the combination of both. 
Flooding inhibited flowering during the experiment and trampling reduced seed production. 
7. The results are discussed in relation to their ecological implications for the distribution of 
these species in the field. 
Key words: Mechanical resistance, Shoot surface area, Lateral-root length, shoot elonga-
tion, seed production 
Introduction 
Flooding and trampling make river forelands highly dynamic ecosystems with a large 
spatial and temporal variation in physical and chemical parameters and vegetational 
composition. Flooding creates a gradient from highly flooding-resistant species on low 
sites to highly sensitive species on more elevated places (Blom et al. 1990). Submerged 
plants face a lack of oxygen, needed for respiration and a diminished photosynthetic 
activity (Nielsen 1993). Decreased oxygen diffusion combined with respiration of roots 
and soil organisms results in a hypoxic or anoxic soil (Ponnamperuma 1984). In these 
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soils important processes such as nitrification can no longer take place (Engelaar et al. 
1991), the availability of minerals changes with the redox status of the soil (Laanbroek 
1990), toxic products of anaerobic metabolic pathways can accumulate (Ponnamperuma 
1984) and no external oxygen is available for root respiration. Plants occurring on 
frequently flooded sites have developed different morphological and physiological 
adaptations. The most widely spread morphological adaptations are with no doubt the 
formation of a new root system with superficially growing roots (Engelaar, Jacobs & Blom 
1993) and thick lateral roots with large longitudinal voids, aerenchyma (Laan, Clement & 
Blom 1991), and a rapid elongation of the shoot (Voesenek, Blom & Pouwels 1988; 
Voesenek et al. 1990). Once the shoot has protruded the water surface atmospheric oxygen 
can reach the root through the leaf, petiole and stem. Part of this oxygen can be used for 
root respiration and the rest may diffuse into the anoxic soil, creating a small oxidized 
layer around the root (Laan et al. 1989a). Other adaptations include a difference in life 
history, e.g. the timing of germination and type of seedbank (Voesenek & Blom, 1992) 
and a shorter duration of a plant's life cycle (Van der Sman, Joosten & Blom 1993). 
Trampling by cattle, humans or machinery affects individual plants in several ways and 
changes the vegetational composition (Edmond 1964; Crawford & Liddle 1977; Blom, 
Husson & Westhoff 1979, Ikede & Okutomi 1992). Trampling usually results in extensive 
shoot damage. Also, trampling causes soil compaction (Liddle & Greig-Smith 1975; 
Krenzer Jr., Chaw Foh Chee & Stone 1989) and thus influences soil physical parameters 
(Vomocil & Flocker 1961) and indirectly root growth and total growth of plants. Depend-
ing on soil type and moisture content an increased mechanical resistance to root penetra-
tion or soil hypoxia can occur (Bennie & Burger 1988; Boone et al. 1986). An increased 
mechanical resistance has a detrimental effect on root elongation (Bengough & Mullins 
1991; Blom 1979; Iijima et al. 1991). The effects of hypoxia due to compaction will be 
similar to those occurring in waterlogged soils. Analogous to flooding a number of 
morphological and physiological adaptations to trampling are exhibited by plants. The 
possession of a number of tough or elastic veins (Soekarjo 1992) as well as a cryptophytic 
or prostrate growth form (Warwick 1980) are beneficial in reducing the effects of 
trampling on shoots. An increased relative growth rate may compensate for the loss of 
tissue (Oesterheld 1992). Below-ground, an expansion of the root cells in radial direction 
results in a thickening just behind the root tip. This way a small void is created in the soil 
in front of the root tip. In this area, with a reduced mechanical resistance, the root tip can 
elongate more easily (Hettiaratchi 1990). 
As a result of management a recently flooded river foreland may soon be stocked with 
cattle again. Literature on the interactive effects of flooding and grazing is extremely 
scarce. Oesterheld & McNaughton (1991), who studied the effects of clipping and 
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trampling on plant growth argue that a flooding tolerant species should be less tolerant to 
grazing on an evolutionary scale. This conclusion is mainly based on the observation that 
a more erect growth as a result of flooding is disadvantageous in the event of subsequent 
clipping since more biomass will be removed (Oesterheld & McNaughton 1991; Van 
Deursen & Drost 1990). There are even observations of selective grazing of elongated 
leaves by geese and cattle (Ridge 1987). Also a conflict may arise between the allocation 
of carbon to the rootsystem to produce new roots in anoxic soils and the allocation of 
carbon to shoots to induce an increased shoot growth. However, in their experiments the 
removal of biomass as a result of grazing is the only parameter of grazing taken into 
account. As stated before soil compaction may also play a key role, especially for those 
species which are not preferentially eaten by the herbivores. 
We hypothesize that when a plant is not actually eaten a large part of the impact by cattle 
is restricted to the root environment. In such cases it is not clear what the major response 
of a plant to regular floods with intermittent periods of trampling will be. The aim of this 
paper is to screen, in a large-scale outdoor experiment, a number of species with known 
adaptations to flooding or trampling for their responses to a combined treatment of 
flooding and trampling, and to compare these with those of a species from not regularly 
trampled or flooded places. Responses of the species studied will be discussed in relation 
to their distribution in the field. 
The species selected for this study are: Rumex crispus L.; a flooding resistant species from 
relatively frequently flooded, extensively grazed sites (Blom et al. 1990); Plantage major 
ssp. major L. from high elevated, seldom flooded sites on and directly along heavily 
trampled tracks; Plantago major ssp. pleiosperma Pilger from sites with frequent, long-
lasting floods that are non- to intensively grazed (Haeck 1992) and R. acetosa L. as a 
control species from high, seldom grazed places within the river forelands (Blom et al. 
1990). 
Materials and methods 
PREPARATIONS 
Seeds of the four species were collected near Nijmegen from river forelands within the 
Rhine delta area (the Netherlands). They germinated on moist filter paper in petri dishes 
during an 8 h dark/ 16 h light period (10 //Einstein s ' m"2). Temperatures during dark/light 
period were 10"C/25nC and 10"C/27"C for Rumex and Plantago species, respectively. The 
seedlings were transferred to pots, two per pot, at the onset of the second leaf. The pots 
(diameter 16 cm, height 50 cm) were filled with a mixture (3:1, v:v) of calcareous river 
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sand and air dried, sieved (mesh size 2 mm) sandy clay. During filling the soil was 
compacted twice with a stamper to eliminate large spaces. The pots had some perforations 
in the bottom. 
Per species 200 pots were prepared. The pots were divided over two large, outdoor basins 
(10 χ 6 χ 1 m, length χ width χ depth). During the first two weeks the plants were 
sprayed regularly with tap water and dead seedlings were replaced by new ones. After two 
weeks the number of seedlings was reduced to one per pot. The floor of the basins was 
flooded with tap water and height of the water table was kept at 5-10 cm unless stated 
differently. 
Total radiation (kJ/cm2) Rain (cm) 
T(°C) 
Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun 
1989 л 1990 ' 
Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun 
1991 л 1992 ' 
Figure 1: Climatological conditions during the experimental periods, measured 20 km due 
north of the experimental area (Source: Royal Dutch Meterological Institute). The line 
represents mean daily temperature (monthly mean, °C), the bars total amount of precipita­
tion per month (cm) and the shaded area the sum of irradiance per month (kJ cm'2). 
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The outdoor experiments were carried out in two series each with two species. The first 
series with R. crispus and R. acetosa lasted from 12 July 1989 until July 1990. The second 
series with P. major ssp. major and P. major ssp. pleiosperma started on 15 July 1991 and 
ended in August 1992. Climatological data over the two experimental periods, measured 
20 km due north of the experimental area, were obtained from the Royal Dutch 
Meterological Institute (Fig. 1). They show no extreme differences between the two 
experimental periods. 
TREATMENTS 
Each species was divided into four series of 50 plants which received different treatments 
(Fig. 2). One series served as a control and was left untreated. One series was trampled 
with intervals of one week. The two remaining series were flooded several times and one 
of them was trampled in the intermittent periods, with a one week recuperation period 
directly after the flooding period. Trampling was done by pressing a brass stamper 
(diameter 7 cm) on the soil surface. The applied force was 1.0-1.1 kg cm"2. In one 
trampling treatment each pot was pressed five times, covering the whole soil surface, and 
one more time directly on top of the plant. Flooding was achieved by filling the desig-
nated basin with tap water to a level 45 cm over the soil surface of the pots. During 
summer the water temperature was kept under 25"C by flushing with fresh tap water. 
During winter the water surface of the basins was occasionally frozen and the ice was not 
removed. Flooding and emptying of a totally flooded basin took approximately 10 h. 
SAMPLING 
During the entire experiment survival and reproduction of the species were monitored. 
Also there were a number of destructive and non-destructive samplings (Fig. 2). Non-
destructive samplings were carried out just before flooding of the designated basin and 
towards the end of the growing season. Destructive samplings were carried out at the start 
of the treatments and after each flooding. At the end of the experiment some specimens of 
each series which flowered before the end of June, were preserved until the seeds had 
ripened. Seeds were then sampled and seed quality was determined. In the non-destructive 
samplings length of the longest leaf was measured. Destructive samplings also included 
determination of the soil's resistance to penetration, shoot surface area and, after washing, 
total root length and tap-root dry weight. Penetration resistance of the soil was determined 
with a penetrometer (conus 3 cm2, tip angle 60°, Eijkelkamp, the Netherlands), 1 h after 
the pots were taken out of the basin. Shoot-surface area was measured with an arcameter 
(LI-3000, Lambda Instruments, U.S.A.) and total root length by means of a root-length 
scanner (Comair, Melbourne, Australia). After drying (70°C, 48 h) tap-root dry weight was 
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determined. To determine the seed quality, total seed number per plant was calculated by 
dividing total seed weight by individual seed weight as determined on a bulk sample of 
100 seeds. Also, seed germination capacity per plant was measured by germinating seeds 
in petri dishes, three dishes with 50 seeds each, under the same conditions as the original 
seeds at the start of the experiment. 
control 
trampling 
flooding 
flooding & 
trampling 
seed. 
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Figure 2: Schematic presentation of the four treatments during the experimental period. 
Grey areas represent floods and black bars indicate trampling treatments. Destructive and 
non-destructive samplings for all four series are shown in the control series by closed and 
open arrows, respectively. Seeds were harvested per plant after the final destructive 
sampling, as soon as all seeds on that plant had ripened. 
STATISTICAL ANALYSIS 
Differences for all parameters within one species and one sampling time between different 
treatment series were analyzed by means of a Tukey-procedure (Sokal & Rohlf 1981) at a 
significance level of 0.05, using the SAS statistical package (SAS Institute Inc. Cary, 
North Carolina). Before testing the length of the longest leaf, total root length, shoot 
surface area and tap-root dry weight were log-transformed and germination percentages 
were arcsin transformed (Sokal & Rohlf 1981). 
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Results 
Differences mentioned in the results section within one species and sample time between 
treatments are always significant as determined with the Tukey-procedure. The penetro­
meter values of the two series of experiments show almost exactly the same pattern (Fig. 
3). The trampled, non-flooded treatment had always a higher value compared to the other 
series, followed by the trampled, flooded treatment and, finally, the two untrampled series 
which did not differ from each other. The only exception was the sampling for the Rumex 
species after the first flooding period where the flooded, trampled series did not differ 
from the two untrampled series. 
• = control 
• = trampled 
Δ = flooded 
• = flooded + trampled 
300 
Time (days) 
Figure 3: Mean mechanical resistance values (MPa, n=5, ± 1 SEM) of pot soils with 
Rumex or Plantago plants that were trampled, flooded or both, compared to an un­
trampled, non-flooded control series. 
Table 1: Survival percentages of trampled and untrampled R. acetosa plants after several 
flooding periods. The number of plants in each series at the start of treatments is 100 %. 
Flooding ended 
at day 
62 
97 
265 
Э00 
trampled 
90 
87 
81 
45 
untrampled 
91 
91 
68 
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All plants of all series survived the treatments except for some R. acetosa plants of both 
flooded series. Survival percentages of these two seríes are presented in table 1. 
P.ina/orssp. phtosperma 
P.ma/orssp. motor 
200 300 
Time (days) 
Figure 4: Mean length of longest leaf 
(cm, n=5, ± 1 SEM) of R. acetosa, 
R.crispus, P. major ssp. pleiosperma 
and P. major ssp. major plants that 
were trampled, flooded or both, com-
pared to an untrampled, non-flooded 
control series. 
• = control 
• = trampled 
Δ = flooded 
• = flooded + trampled 
Although there were some differences in the length of the longest leaf between treatment 
series for all species, R. crispus was the only species with an increase large enough to 
protrude above the water surface upon flooding (Fig. 4 & Tab. 2). These elongated leaves 
did not survive very long after the end of a flooding. Trampling reduced the elongation 
effect of flooding in R. crispus. For R. acetosa trampling, flooding or the combined 
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treatment reduced longest leaf length compared the to control series. Both Plantago 
species showed same tendencies as R. crispus, but to a lesser extent. 
Table 2: Percentage trampled and untrampled R. crispus plants that protruded the water 
surface during a flooding period 
Flooding period Trampled Untrampled 
(day-day) 
4 9 - 6 2 2 3Θ 
8 3 - 9 6 0 0 
181 - 265 0 40 
287 - 300 0 100 
The vegetative growth efforts of the plants in the different series are presented in Figures 
5, 6 and 7. The trend for R. acetosa was the same for all three parameters. Directly from 
the start of the treatments trampling resulted in a decrease of shoot-surface area and total 
root length compared to the control series. After the second flooding period the root 
length, surface area and dry weight of the tap root of the flooded and the combined 
treatment were less than in the other series. Initially, plants in the combined treatment 
were smaller than those in the flooded treatment, but this difference was eliminated after 
the winter flooding (Fig. 6). 
After the first flooding R. crispus showed an increase in shoot surface area (Fig. 5) 
accompanied by a decrease in root length (Fig. 6) and tap-root dry weight (Fig. 7) 
compared to the control series. The second flooding eliminated these differences. Differ­
ences in below-ground parameters occurred again after the winter flooding but the shoot 
surface area was not affected any more. At first the root length and tap-root dry weight of 
the trampled series did not differ from the control series but in the second season they 
were equally reduced as in the flooded series. The shoot surface area of the trampled 
series was reduced compared to the control at day 97 (Fig. 5). The combined treatment 
series showed the same results for below-ground parameters (Figs. 6 & 7) as the flooded 
series with the exception of the final sampling when the combined treatment had a smaller 
root length. The shoot surface area of the combined treatment did not differ from the 
trampled series (Fig. 5). 
In P. major ssp. pleiosperma the shoot surface area decreased by the trampling and 
combined treatment throughout the experiment whereas flooding resulted in a reduction, 
compared to the control treatment in the second growing season (Fig. 5). Root length in 
this species was reduced by trampling and the combined treatment in the first season and 
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by trampling, flooding and to an even greater extent by the combined treatment in the 
second season (Fig. 6). Dry weight of the tap root was less compared to the control 
treatment as a result of trampling in the second season and was reduced even more by 
flooding or a combination of flooding and trampling throughout the experiment. 
^ < S : 
P.majorssp. major 
Figure 5: Mean shoot surface area 
(cm2, n=5 ± 1 SEM) of R. acetosa, 
R.crispus, P. major ssp. pleiosperma 
and P. major ssp. major plants that 
were trampled, flooded or both, com­
pared to an untrampled, non-flooded 
control series. 
•= control 
•= trampled 
Δ= flooded 
A= flooded + trampled 
100 200 300 
Time (days) 
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Figure 6: Mean total root length (m, 
n=5 ± 1 SEM) of R. acetosa, R.crispus, 
P. major ssp. pleiosperma and P. major 
ssp. major plants that were trampled, 
flooded or both, compared to an un-
trampled, non-flooded control series. 
• = control 
• = trampled 
Δ = flooded 
A= flooded + trampled 
Shoot surface area and root length of P. major ssp. major were negatively affected only 
by a combined treatment at first destructive sampling. Negative effects of trampling and 
flooding on the shoot surface area, occurring at the end of the first season, had vanished 
after the winter and only the combined treatment showed a lower shoot area throughout 
the entire experiment. In the second season, root length in the control was higher than of 
the other three treatments. At the end of the experiment root length in the combined 
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treatment series was lower than that of the other series. Compared to the control series, the 
dry weight of the tap roots was lower in the trampled and flooded series, except for the 
last sampling, and in the combined treatment throughout the entire experiment. The 
flooded and combined treatment series did not differ from each other. 
4 
4 
.«&. 
P mëjorssç. pleiospeima 
05 -
04 
03 
02 
01 
00 
Ρ major Sip ma/or 
A 
200 300 
Time (days) 
Figure 7: Mean tap-root dry weight (g, 
n=5 ± 1 SEM) of R. acetosa, R.crispus, 
P. major ssp. pleiosperma and P. major 
ssp. major plants that were trampled, 
flooded or both, compared to a un-
trampled, non-flooded control series. 
a = control 
• = trampled 
Δ = flooded 
A = flooded + trampled 
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Table 3: Flowering characteristics of R. acetosa, R. crispus, P. major ssp. pleiosperma 
and P. major ssp. major plants which were trampled, flooded or both, compared to a non-
flooded and untrampled control series. For P. major the date of first flowering after the 
winter season is presented. Figures between brackets indicate SEM (n=5). 
R acetosa 
control 
trampled 
flooded 
combined 
R crispus 
control 
trampled 
flooded 
combined 
Ρ major ssp 
control 
trampled 
flooded 
combined 
Ρ major ssp 
control 
trampled 
flooded 
combined 
% Plants flowering 
day 118 
0 
0 
0 
0 
0 
0 
0 
0 
pleiosperma 
60-80 
60-80 
60-90 
60-80 
major 
10-15 
10-15 
0 
0 
day 365 
100 
100 
4 ( 1 sp ) 
0 
100 
100 
100 
53 
100 
100 
100 
100 
100 
100 
100 
100 
Number of 
spikes/stems 
4.4 
2.4 
2 
1.0 
1.0 
1.0 
1.0 
4 .6 
4 .6 
1 1 . 2 
5 .2 
5 .2 
4 . 6 
6.0 
5 .6 
( 0 . 8 3 ) 
( 0 . 1 8 ) 
(0) 
(0) 
(0) 
(0) 
( 0 . 1 2 ) 
( 0 . 3 5 ) 
( 1 . 2 ) 
( 0 . 0 8 ) 
( 0 . 0 8 ) 
( 0 . 3 5 ) 
( 0 . 4 5 ) 
( 0 . 3 5 ) 
Date of tirsi 
flowering 
28 
8 
27 
25 
11 
9 
9 
21 
21 
28 
28 
17 
24 
24 
17 
March 
May 
June 
April 
April 
May 
May 
May 
May 
May 
May 
June 
June 
June 
June 
The flowering characteristics from the investigated species show that P. major ssp. 
pleiosperma was the only one which had a considerable amount of flowering plants at the 
end of its first growing season (November, Tab. 3). The combined treatment of R. acetosa 
was the only series of which no plants flowered at the end of June. Non-flooded plants of 
R. acetosa flowered earliest in the season followed by non-flooded plants of R. crispus, 
flooded plants of R crispus, all series of P. major ssp. pleiosperma and, finally, all series 
of Ρ major ssp. major. The time period throughout which individual plants produced new 
spikes was longer for P. major ssp. pleujsperma than for P. major ssp. major, approxi-
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mately two and one month, respectively. 
Table 4: Means of seed weight (mg), numbers of seeds produced per plant and germi­
nation percentages of seeds produced by R. acetosa, R. crispus, P. major ssp. pleiosperma 
and P. major ssp. major plants which were trampled, flooded or both, compared to a non-
flooded, untrampled control series. N.D. means not determined because of inadequate 
numbers. Figures between brackets indicate SEM (n=5) 
R acetosa 
control 
trampled 
flooded 
combined 
R crispus 
control 
trampled 
flooded 
combined 
Seed 
0.90 
0.82 
ND 
ND 
1.65 
1.27 
1.Θ9 
1.63 
weight 
( 0 . 1 0 ) 
( 0 . 0 9 ) 
( 0 . 0 7 ) 
( 0 . 1 2 ) 
( 0 . 1 2 ) 
( 0 . 2 2 ) 
Number of seeds/plant Percentage germination 
95 (3) 
84 (4) 
ND 
ND 
95 (2) 
79 (8) 
88 (6) 
96 (2) 
Ρ major ssp pleiosperma 
control 0 .08 ( < 0 . 0 1 ) 16000 (800) 90 (12) 
trampled 0.09 ( 0 . 0 1 ) 17000 (1000) 78 (17) 
flooded 0.12 ( 0 . 0 1 ) 20000 (2700) 100 (1) 
combined 0 . 1 1 ( 0 . 0 1 ) 19000 (2000) 86 (7) 
Ρ major ssp major 
control 0 .19 ( 0 . 0 1 ) 9100 (900) 99 (1) 
trampled 0.18 ( 0 . 0 1 ) 6500 (800) 99 (1) 
flooded 0 .18 ( 0 . 0 1 ) 13100 (600) 100 (1) 
combined 0.17 ( 0 . 0 1 ) 8200 (1300) 100 (0) 
Trampled plants of R. acetosa produced a smaller number of flower stems and ripe seeds 
compared to the control series (Tabs. 3 & 4). R. crispui always formed one flowering 
stem but the number of seeds produced was higher in the control series (Tabs. 3 & 4). 
Seed weight of both Rumex species was not affected by any treatment (Tab. 4). The 
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flooded series of P. major ssp. pleiosperma produced more spikes per plant than the other 
series (Tab. 3). Seed weight of P. major ssp. pleiosperma and number of seeds per plant 
for P. major ssp. major increased as a result of flooding. Germination capacity was not 
affected for any of the species by any treatment (Tab. 4). 
Discussion 
The results reveal large differences between responses of the species to the different 
treatments. R. acetosa is the species least adapted to flooding and trampling. Upon 
flooding only a very minor part of the treated plants was able to complete its life cycle 
(Tab. 3) and a large number died (Tab. 1). The effects of trampling were less devastating, 
but delay of flowering and a highly diminished seed production may threaten renewal of 
R. acetosa in an area grazed by large cattle. It may be no wonder that in a combined 
treatment no specimen of R. acetosa was able to complete its life cycle. 
R. crispus displayed a well described adaptation to flooding, by elongating its leaves (Fig. 
4), protruding above the water level (Tab. 2) and restoring contact with the atmosphere. 
This species produces aerenchymatous roots when being flooded or waterlogged (Laan et 
al. 1989*). In combination these morphological adaptations provide atmospheric oxygen to 
the plant and the rhizosphere, thus evading the consequences of oxygen deprivation by the 
plant. The fact that this species puts a relative large effort in its below-ground parts, 
especially the tap root (Fig. 7), when trampled can be considered as a good adaptation 
towards above-ground biomass losses. But when flooding and trampling are combined the 
morphological adaptations to flooding become virtually useless. Trampled plants can not 
protrude above the water surface (Tab. 2). Since atmospheric oxygen will not be available, 
the plant has to rely on photosynthetically derived oxygen, that can be important in root 
respiration (Laan, Clement & Blom 1991). But this alternative oxygen supply will be 
hampered when the water has a low light transmission coefficient or the flooding is too 
deep. The formation of aerenchyma will be inhibited at high soil mechanical resistances or 
aerenchymatous roots may be compressed as a direct result of the mechanical impact 
(Engelaar et al. 1993). The failure of the before mentioned adaptations explains why a 
large percentage of the R. crispus plants was not able to complete their life cycle (Tab. 3) 
when trampled in combination with flooding. 
Both Plantago species survived the flooding although neither showed any important 
morphological adaptations (Fig. 4). Even the significant increase in leaf length, was by far 
not large enough to protrude above the water surface. Possibly they survived flooding by 
lowering their metabolic activity to a state of virtual "dormancy", using very little oxygen 
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and carbon-reserves (Laan & Blom 1990). Another possibility would be an acceleration of 
the glycolysis in combination with fermentation, using carbohydrates from the reserves in 
the tap root (Jackson & Drew 1984). Although these species are known to produce large 
tap roots (Kutschera 1960), in our experiment no large reserves were established in any of 
the treatments (Fig. 7), indicating that during the growth season Planlago cannot rely on 
its reserves for a long period. This excludes the possibility of an increased fermentation 
rate, generating some AIT, for a long period. The species reacted, with exceptions, in a 
similar way to the treatments, which underlines their close phylogenetic relationship. The 
difference between the Plantago species and the Rumex species was that the Plantago 
species showed no decrease in their reproductive capabilities as a result of any treatment 
(Tabs. 3 & 4). The fact that new spikes are produced throughout a relative long time 
period reduces the danger of loosing all chances on reproduction as a result of a short 
stress period. The major difference between the two Plantago species is the time they need 
to complete a life cycle (Tab. 3). The differences in many life history traits are due to 
genetic variation in phenotypic plasticity, rather than genetic differences expressed 
independent of the environment (Lotz & Blom 1986). Both species showed roughly the 
same responses to trampling as R. crispus when considering the vegetative parts, although 
the Plantago species are morphologically better adapted (Soekarjo 1992). The absence of 
such differences may be the result of the relatively low trampling intensity. R. crispus is 
found on pastures with a low grazing intensity whereas the Plantago species (especially 
ssp. major) occur on more intensely trampled sites. Combination of flooding and trampling 
may have some extra detrimental effects (e.g. Fig. 5 day 300) on shoot growth since more 
erect growing, elongated leaves will be more vulnerable to trampling. 
It is obvious that flooding and trampling in the established and generative phase influence 
the occurrence in the field of the investigated species. A species with no obvious adapta-
tions in life history traits nor in morphology such as R. acetosa, cannot occur on flooded 
nor on heavily trampled sites. In river forelands it can be found on higher places with a 
more dense vegetation. In contrast to the other species studied, which occupy gaps in the 
vegetation, R. acetosa must be, and was found to be (Voesenek 1990), a relative strong 
competitor. The other species, especially both Plantago species, are established in gaps in 
the vegetational cover caused by some environmental parameters. R. crispus is well 
adapted to submergence and thus can claim sites in the river forelands where many other 
species are not able to complete their life cycle. It was shown that the morphological 
adaptations to flooding as displayed by R. crispus loose their significance when plants are 
trampled between floods. This explains why such a species will only occur on frequently 
flooded sites when these are not or only lightly trampled. Since they do not depend on a 
morphological adaptation to flooding, the Plantago species show no large extra detrimental 
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effect when trampled in between floods. P. major ssp. pleiosperma inhabits regularly 
flooded areas which can also be moderately to heavily trampled, creating a very open 
vegetation structure with virtually no competition between species. Individuals may 
survive submergence in a state of dormancy. As a result of a short life cycle and the vast 
numbers of seed that are produced a field population can persist. The advantage of this 
shorter life cycle would have been even more obvious when the floods had lasted during 
the second season delaying flowering of the Rumex species even more. P. major ssp. 
major showed a relatively long life cycle. In a field situation this probably explains why, 
compared to P. major ssp. pleiosperma, it is less often found on frequently flooded sites. 
This species profits from gaps created by wheel or cattle traffic and is found on and along 
regularly trampled tracks with a low vegetation. The species is well adapted to a high 
mechanical resistance of the soil to root penetration. In the low vegetation from tracks its 
prostrate growth form will not be a disadvantage with respect to competition for light but 
it does prevent excessive damage as a result of wear by traffic. In contrast to the Rumex 
species, flowering characteristics and seed production of both Plantago species were not 
negatively affected by any treatment. In the field this would benefit the renewal of the P. 
major population when germination conditions become favourable. Since in trampled or 
flooded habitats R. acetosa is not able to produce a significant number of seeds, renewal 
of the population in favourable periods depends on seed dispersal from other higher 
situated populations. In conclusion, the differences in response to submergence and 
trampling of the four investigated species largely explain their niche differences in the 
field situation. 
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EFFECTS OF SHOOT DAMAGE AND SOIL COMPACTION RESULTING FROM 
TRAMPLING ON RUMEX AND PLANTAGO SPECIES 
Abstract 
The responses of Rumex crispus (L.), Rumex palustris (Sm.), Rumex acetosa (L.), Plantago 
major ssp. pleiosperma (Pilger) and Plantago major ssp. major (L.) to different trampling 
regimes, resistance to tearing force and recovery from leaf damage were studied. Trampling 
was applied to the shoot, the soil surrounding the plant or to a combination of both. 
Trampling of the soil resulted in hypoxia in the deeper soil layers and increased penetrometer 
values. The response of the species to soil trampling correlated well with the ability of the 
different species to occur on anaerobic, wet soils. Responses to shoot trampling could largely 
be explained by the tearing resistance in combination with the recovery characteristics of the 
species. Species naturally occurring on more trampled sites in the field had a higher 
resistance to tearing stress and a better recovery after shoot damage. Simultaneous trampling 
of shoot and soil seemed to induce a response equal to the combined responses of separate 
soil and shoot trampling, exceptions were R. palustris as a species which showed some 
interaction effects of the two main treatments. 
Key words: shoot damage, soil compaction, trampling, Rumex, Plantago 
Introduction 
Flood plains in the Netherlands and elsewhere are characterised by a large variation in 
management (Jongman, 1992). Many river forelands are heavily grazed while others are 
relatively undisturbed. In addition, a flooding gradient from low lying, frequently flooded 
sites to high elevated, seldom flooded sites is present (Blom et al., 1990). We have been 
examining the adaptive responses of plants at different life stages in river floodplains to 
the effects of inundation (Blom et al., 1990, van der Sman et al., 1988, Voesenek and 
Blom, 1989, Voesenek et al., 1989, Voesenek et al., 1990). In this paper we report the 
effects of soil compaction caused by animal trampling on the same species. 
As a result of grazing, sites with comparable hydrologies within river forelands can still be 
dominated by different species or even vegetation types. Grazing affects plants even when 
they are not eaten. Cattle manure provides an extra nutrient input which is beneficial on 
poor soils. Trampling may also result in shoot damage and a subsequent decrease in 
photosynthetic capacity (Culvenor et al., 1989). Also the soil surrounding the plant roots 
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becomes compacted (Blom, 1979, Crawford and Liddle, 1977). This results in higher 
resistance to root penetration or in hypoxia of the soil, depending on its moisture content 
(Boone et al., 1986). The influence of soil hypoxia, soil compaction and loss of shoot 
biomass on root and shoot development (Culvenor et al., 1989, Engelaar et al., 1993) and 
on acquisition (Shierlaw & Alston, 1984) and internal concentrations of nutrients (Atwell, 
1990a) can be very drastic. Therefore, plants growing on grazed sites must not only have 
adaptations to the loss of shoot biomass but also overcome higher penetration resistance or 
hypoxia in the root zone. 
In response to this stress, plants may increase their relative growth rate to compensate for 
lost shoot biomass (Oesterheid, 1992) or have a high mechanical resistance to damaging 
(Choong et al., 1992). Roots can be adapted to waterlogged, hypoxic soils either by 
increased fractional root porosity, e.g. due to aerenchyma formation (Justin and 
Armstrong, 1987, Laan et al., 1989') or by less deeply penetrating roots (Etherington, 
1983, Engelaar et al., 1993)). Dense soils are penetrated by roots by a mechanism of radial 
expansion (Hettiaratchi, 1990). Differences in resistance to trampling and soil compaction 
can occur in many life stages, even between closely related species, e.g. different Plantago 
species (Blom, 1976, 1977, 1978). 
An examination of river habitats showed that trampling regime in combination with the 
flooding gradient produces a mosaic of different habitats, each with its own vegetation 
type (Van de Steeg, 1992). We chose 5 representative species from five habitats with 
different combinations of flooding and trampling regimes; Rumex palustris (Sm.) from 
wet, untrampled sites, Rumex crispus (L.) from moist, moderately trampled sites, Rumex 
acetosa (L.) from dry, lightly trampled places (Blom et al., 1990), Plantago major ssp. 
major (L.) growing on and directly along heavily trampled paths in relatively dry 
situations and Plantago major ssp. pleiosperma (Pilger) from wet, untrampled to heavilly 
trampled habitats (Haeck, 1992). 
We hypothesize that plant species occurring on trampled sites are better adapted to 
withstand shoot damage and soil compaction than their counterparts from less or non-
trampled sites. This manuscript describes three experiments which were conducted to test 
this hypothesis. The first experiment separates trampling damage to shoots and soil 
compaction effects and compares them to a control and a combined treatment. The second 
and third experiment, respectively, study the resistance of a leaf to tearing and its capacity 
to recover following the damage. 
chapter 3 
Methods 
PREPARATIONS 
A total of 365 polyethylene pots were filled with sieved (mesh size 2mm) calcareous 
river sandxlay mixture (1:1, v.v). The pots were 13 cm in height, 14 cm in diameter and 
had 4 holes with a diameter of 1 cm in the bottom. These holes were covered with a piece 
of netting (mesh size 50 μτή), to prevent soil loss and root outgrowth. The soil was 
compacted by saturating it with water and compressing it by hand. This was repeated once 
after 24 h. Bulk density was 1.40 ± 0.02 g. cm3. The pots were placed in groups of 6, on 
trays filled with tap water (depth 1 cm). The experiments were conducted in a greenhouse 
with a minimum light intensity of 150 μΕ.τη'1. s', supplied by sodium (30 N-T 400W, 
Philips) and mercury (HLRG, Philips) lamps. The light/dark periods lasted 16 and 8h, 
respectively, at 21-24°C and 18"C. 
PLANT MATERIAL 
Seeds of R. palustris, R. crispus, R. acetosa, P. major ssp. major and P. major ssp. 
pleiosperma were collected from river forelands of the Rhine-delta in the Netherlands. 
They were germinated on moist filter paper in petri dishes at a temperature of 10°/25UC 
and 1072TC (dark/light, 12h/12h) for Rumex and Plantago species, respectively. Seedlings 
with full-grown cotyledons and the onset of the first leaf were used in the experiments. 
SEPARATE AND COMBINED EFFECTS OF SHOOT AND SOIL TRAMPLING 
Effects on soil parameters. To test the influence of trampling on the soil parameters, 42 
pots without plants were used. The bulk density and percentage pore volume ,using an air 
pycnometer (Gerhardt, Germany), were determined in three pots. Of the remaining 42 
pots, 18 were trampled twice a week. This was done by pressing a brass stamper, diameter 
5 cm, with a force of 25 kg vertically against the soil. This was repeated until the whole 
surface of the soil was trampled. After 2, 6 and 8 weeks, respectively, 6 trampled and 6 
untrampled pots were sampled. Total percentage of pore volume, bulk density, moisture 
content and percentage of waterfilled pores were determined in three of them, whereas the 
other three were used for measuring mechanical resistance with a penetrometer (conus 2 
cm
2
, tip angle 60°, Eijkelkamp, the Netherlands). In the remaining 6 pots R. acetosa plants 
were planted at the start of the experiment. The soil of these pots was trampled as 
described above for 6 weeks. The redox potential of the soil in these pots was measured 3 
cm above the bottom of the pot, using a Pt-electrode in combination with a reference 
electrode (Hg/HgCl2/saturated KCl, Metrohm, 60701.100) and a mV-meter (Metrohm, 
E488). 
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Effects on plants. Seedlings of each species were planted in 54 pots were provided with a 
seedling. Treatments started as soon as the plants had been established, indicated by an 
exponential increase in number of leaves and length of the longest leaf. This was after 4 
and 7 weeks for the Rumex and Plantago species, respectively. At this time 6 plants of 
each species were sampled. The remaining 48 plants of each species were now treated 
according to two-factorial design: control (no trampling), shoot trampling, soil trampling 
and combined trampling. Shoots were trampled as described above but now the stamper 
was pressed horizontally against the shoot, which was supported by a rubber mat behind 
it. The soil was trampled as described above, without hitting the shoot. In the combined 
treatment the shoot and soil were trampled together in vertical direction. This was done 
twice a week. Sampling was repeated after 2 weeks, and after 8 and 6 weeks for the 
Rumex and Plantago species, respectively. At this time many of the R. palustris plants and 
some Plantago individuals flowered. The complete sample of R. palustris after 8 weeks of 
treatment and the flowering Plantago plants were omitted from the experiment. 
Plants were removed from the pots, roots were washed and shoots, lateral roots and tap 
roots (when present) were separated. Total root length was measured by means of a root 
length scanner (Comair, Melbourne) and shoot surface area with an areameter (LI- 3000, 
Lambda Instruments, U.S.A.). Shoots, lateral roots and tap roots were dried at 70UC during 
24 h, and weighed. Shoot/root (dw/dw) ratios were calculated. Only the lateral root weight 
was taken into account, since the tap root has no or only little significance for acquisition 
of carbon and mineral nutrients. At the last sampling all dried shoots and roots of plants 
which had received the same treatment were combined into one shoot and one root bulk 
sample (lateral and tap roots combined). Nutrient concentrations were determined on these 
samples using a modified sulphuric acid-hydrogen peroxide digestion with salicylic acid as 
described by Ekpete and Cornfield (1964, also Yuen and Pollard, 1954). Total N and К 
contents of the digestion solutions were determined colorimetrically using a continuous 
flow analyzer (Kempers and Kok, 1989), and Ρ by means of an ICP atomic absorbtion 
spectrometer (IL Plasma 200, Thermo Jarrell Ash, Breda, the Netherlands). 
TEARING RESISTANCE 
Of each species three plants were sampled 6 weeks after potting. The laminae of the 
youngest full-grown, the oldest and an intermediate leaf were cut into pieces of 2-5 mm 
width and 8-10 mm length. Major nerves of the Plantago species were sampled separately. 
The central nerve of Rumex leaves was avoided. In contrast to the parallel nerves of 
Plantago it does not provide protection to a large part of the lamina. These pieces were 
placed in two pairs of clamps of which one was mounted on a movable table and the other 
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was connected to a contractor (25-250 g). By slowly increasing the distance between the 
clamps a stretching force was applied to the tissue. The tearing force is now defined as the 
force needed to tear the tissue divided by the width of the piece. 
LEAF RECOVERY AFTER DAMAGING 
Leaf damage as a result of trampling was imitated by making a sharp fold in the middle of 
laminae or petioles. Per species 7 plants were used of which 2 remained untreated. Of the 
remaining plants 1 or 2 leaves were damaged, 5 weeks after potting. The second to fifth 
youngest leaves were treated. Damage, senescence and recovery of the individual leaves 
were monitored for 2 weeks and compared with the undamaged plants. To delay 
senescence as a result of natural aging all plants received in week 6: 2.24 mmol NH4+, 
0.98 mmol K\ 0.28 mmol H2P04 and 1.12 mmol SO,2". 
STATISTICAL ANALYSIS 
Main treatment effects (shoot trampled & soil trampled) were tested within species and 
sample time by means of a two-way ANOVA. Shoot surface area, total root length and 
tap-root dry weight were log transformed and shoot/root-ratios were arcsin-transformed 
prior to analyses. When an interaction between the main treatments was found an 
additional Tukey procedure was performed to identify the nature of this interaction. 
Differences in tearing strength between species and age categories of the leaves were 
analyzed with a Tukey procedure (Sokal & Rohlf, 1981). All analyses were made with the 
SAS-statistical software package (SAS Institute Inc. Cary, North Carolina). 
Results 
The effects of 2, 6 and 8 weeks trampling of the soil are presented in table 1. Bulk density 
and penetrometer value increased after 2 weeks of trampling. In the same time the 
percentage pore volume decreased by approximately 25 %. The percentage of waterfilled 
pores of the trampled pots compared to the untrampled pots was higher after 2 weeks but 
lower after 6 and 8. However, in the untrampled pots the moisture content was very 
constant from the bottom to the top, but in the trampled pots the moisture content was 
much higher (saturated) in the bottom than in the top soil, where sampling was done. 
Trampling also resulted in lower redox values, 420 mV (SEM=40) for untrampled soils 
compared to 320 mV (SEM=60) and 150 mV (SEM=10) after respectively 2 and 6 weeks 
of soil trampling. 
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Table 1' Mean bulk densities, soil moisture contents (% weight), percentages of pore 
volume, percentages of waterfilled pores and penetrometer values (mPa), all ± 1 SEM 
(n=3), for un tramp led soils and soils which were trampled twice a week 
Untrampled 
Week 0 2 6 8 
bulk density 
moisture content 
% pore volume 
% waterfilled pores 
penetrometer value 
Week 
bulk density 
moisture content 
% pore volume 
% waterfilled pores 
penetrometer value 
1 . 
42 
4 3 
. 0 
± 0 . 0 2 
± 0 . 4 3 
1 . 4 7 
1 5 . 3 
4 1 . 7 
7 0 . 0 
0 . 1 7 
1 . 6 3 
1 4 . 0 
3 4 . 1 
8 2 . 3 
0 . 6 2 
± 
+ 
± 
± 
+ 
2 
+ 
+ 
+ 
+ 
+ 
0 . 0 4 
0 . 0 8 
0 . 8 2 
2 . 4 
0 . 0 1 
1 . 4 9 
1 4 . 6 
4 0 . 0 
6 8 . 8 
0 . 1 9 
Trampled 
0 . 0 2 
0 . 2 6 
0 . 5 6 
1 . 2 
0 . 0 5 
1 . 6 5 
1 0 . 0 
3 3 . 0 
6 0 . 2 
0 . 8 4 
+ 
+ 
+ 
+ 
+ 
6 
+ 
+ 
+ 
+ 
+ 
0 . 0 4 
0 . 0 9 
0 . 3 8 
2 . 2 
0 . 0 1 
0 . 0 2 
0 . 2 0 
0 . 4 5 
2 . 0 
0 . 1 0 
1 . 5 0 
1 4 . 5 
3 9 . 6 
7 0 . 0 
0 . 1 9 
1 . 6 6 
1 0 . 3 
3 3 . 2 
6 1 . 4 
0 . 9 6 
+ 
+ 
i 
± 
+ 
8 
+ 
+ 
+ 
+ 
± 
0 . 0 2 
0 . 0 7 
0 . 2 2 
5 . 3 
0 . 0 1 
0 . 0 3 
0 . 1 8 
0 . 7 2 
3 . 2 
0 . 0 2 
The effects of trampling on the functional parameters, ι e shoot surface area and total root 
length of the five species are illustrated by figures 1 and 2 The three Rumex species 
showed the same patterns For shoot surface area as well as total root length, shoot 
trampling gave the smallest reduction followed by soil trampling and total trampling, 
respectively This pattern was most obvious after 8 weeks of trampling This is also 
reflected by the ANOVA analyses which shows a significant effect of shoot or soil 
trampled for both parameters (Tab 2) Differences between the control and the three 
trampling series were not as large for R crispus as for the other two Rumex species. Soil 
trampling and total trampling had a devastating effect on R acetosa compared to the 
control or shoot trampling The interaction effect for both parameters that was found for R 
palustris (Tab 2) must be explained as a decrease in the combined treatment that was 
larger than was to be expected from the separate main treatments. This is partially 
confirmed by the Tukey procedure that showed a significant difference between all 
treatment series for the total root length but no significant difference between the control 
series and the shoot trampled series for shoot-surface area 
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Rumen cnspuc Plantago major asp, ріаюврвгта 
ι 
Week 
Figure 1. Mean shoot surface area (cm2, + 1SEM) of Rumex crispus, Rumex palustris, 
Rumex acetosa, Plantago major ssp. pleiosperma and Plantago major ssp. major plants 
which remained unlrampled (open bars) or had their leaves (cross-hatched bars), 
surrounding soil (horizontally hatched bars) or both (closed bars) trampled twice a week, 
for 2, 6 or 8 weeb. n=4-6. 
53 
chapter 3 
Rumex críspus Ptantago major ssp. plehsperma 
Rumex acetosa 
ι 
L 
Week 
Figure 2. Mean total root lengths (m, + 1SEM) of Rumex crispus, Rumex palustris, Rumex 
acetosa, Plantago major ssp. pleiosperma and Plantago major ssp. major plants which 
remained untrampled (open bars) or had their leaves (cross-hatched bars), surrounding 
soil (horizontally hatched bars) or both (closed bars) trampled twice a week, for 2, 6 or 8 
weeks. n=4-6. 
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After 8 weeks of trampling the dry weights of the tap roots (± 1 SEM) for R. crispus were 
5.68 (0.12), 4.01 (0.23), 2.54 (0.11) and 1.33 (0.16) for the untrampled, shoot trampled, 
soil trampled and combined treatment, respectively. A significant effect of both main 
treatments was found, as well as a small interaction effect (Tab. 2). This effect also has to 
be explained as a larger decrease in weight than was expected on basis of the separate 
main treatments. All treatments differed significantly from each other, as determined with 
a Tukey test. For R. acetosa the values were 0.41 (0.17), 0.12 (0.01), 0.07 (0.02) and 0.04 
(0.02), respectively. A significant effect of soil trampling was found (Tab. 2). In contrast 
to the Rumex species shoot surface area and total root length for both Plantago species 
were not negatively affected by shoot trampling. But, where P. major ssp. pleiosperma did 
not show any effects of soil trampling this main treatment did significantly decrease the 
amount of shoot surface area and total root length for P. major ssp. major (Tab. 2). 
Table 2: ANOVA of main treatment effects (shoot trampled, soil trampled) and their 
interaction on shoot surface area(SSA), total root length (TRL), tap root dry weight 
(TRDW) and shootlroot-ratios (SRR) of Rumex crispus (R.c), Rumex palustris (Rp.), 
Rumex acetosa (R.a.), Plantago major ssp. pleiosperma (P.m.p.) and Plantago major ssp. 
major (P.num.) plants at two different sample limes (n-4-6). N.S.= non significant, *= ps 
0.05, **= ps 0.01 and ***= ps 0.001. 
Week 
SSA 
shoot 
soil 
interaction 
TRL 
shoot 
soil 
interaction 
TRDW 
shoot 
soil 
interaction 
SRR 
shoot 
soil 
interaction 
R.. 
2 
N.S. 
** w 
N.S. 
N.S. 
N.S. 
N.S. 
N.S. 
N.S. 
N.S. 
N.S. 
** 
N.S. 
e. 
β 
* ** 
*** 
N.S. 
*#* 
*** 
N.S. 
* + * 
*** 
* 
N.S. 
* * 
N.S. 
R.p. 
2 
**# 
*** 
* 
* ** 
**# 
* 
*** 
** + 
N.S. 
*** 
*** 
** + 
R. 
2 
N.S. 
N.S. 
N.S. 
N.S. 
** 
N.S. 
N.S. 
N.S. 
N.S. 
a. 
8 
* 
* * * 
N.S. 
* 
* ** 
. N.S. 
N.S. 
** 
N.S. 
, N.S. 
* * 
, N.S. 
P.m 
2 
N.S. 
N.S. 
N.S. 
N.S. 
N.S. 
N.S. 
N.S. 
N.S. 
N.S. 
.p. 
6 
N.S. 
N.S. 
N.S. 
N.S. 
N.S. 
N.S. 
N.S. 
N.S. 
N.S. 
P.m 
2 
N.S. 
N.S. 
N.S. 
N.S. 
N.S. 
* 
N.S. 
N.S. 
N.S. 
.m. 
6 
N.S. 
** 
N.S. 
N.S. 
*** 
N.S. 
N.S. 
N.S. 
N.S. 
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The effects of the different treatments on the distribution of biomass between 
photosynthetic active plant parts and those taking up nutrients are also reflected in the 
shoot/root ratios as presented in table 3. From this table and table 2 it is again clear that 
the Rumex species are the ones most susceptible to trampling. After 2 weeks there is a 
shift towards a relative higher investment in shoots for R. crispus as a result of a main soil 
trampling effect. For R. palustris only combined trampling of the soil and shoot gave a 
significant increase in the shoot/root ratio at this time as determined with a Tukey test, 
resulting in an interaction effect (Tab. 2). The ratios of R. acetosa were not yet affected. 
After 8 weeks of trampling the ratios showed a decrease as a result of the main soil 
trampling effect (Tab. 2) for R. acetosa. In contrast, shoot/root ratios were higher as a 
result of this main soil trampling treatment for R. crispus. The shoot/root ratios of both 
Plantago species were not affected by any of the treatments. 
Table 3: Mean shoot/root ratios (± 1 SEM, n-4-6) of R.crispus, R.palustris, R.acetosa, 
P.major ssp. pleiosperma and P.major ssp. major plants which remained untrampled 
(control=C) or had their leaves (L), surrounding soil (S) or both (B) trampled twice a 
week, for 2, 6 or 8 weeks. Different letters indicate significant differences within one 
species (p&0.05). n.d. = not determined. 
R. crispus R. palustris R. acetosa P. m. pleiosperma P. m. major 
Week 
2 С 
L 
S 
В 
6 с 
L 
S 
В 
8 С 
L 
S 
В 
2 . 3 
3 . 0 
4 . 5 
4 . 3 
1 . 1 
1 . 3 
1 . 1 
1 . 2 
1 . 3 
1 . 5 
1 . 8 
1.Θ 
+ 
+ 
+ 
+ 
± 
+ 
± 
± 
+ 
± 
± 
+ 
0 . 1 
0 . 3 
0 . 7 
0 . 7 
0 . 1 
0 . 1 
0 . 1 
0 . 1 
0 . 1 
0 . 1 
0 . 2 
0 . 2 
2 . 2 
2 . 7 
3 . 2 
5 . 5 
1 . 2 
1 . 1 
1 . 1 
1 . 2 
+ 
+ 
± 
+ 
+ 
+ 
+ 
+ 
η 
0 . 3 
0 . 2 
0 . 3 
0 . 2 
0 . 1 
0 . 0 
0 . 1 
0 . 0 
.d. 
3 . 5 
7 . 7 
5 . 5 
7 . 4 
3 . 2 
4 . 2 
1 . 1 
1 . 5 
+ 
+ 
± 
+ 
+ 
+ 
+ 
+ 
1 . 6 
3 . 1 
2 . 1 
1 . 9 
0 . 4 
0 . 7 
0 . 2 
0 . 6 
1 . 3 
1 . 0 
1 . 2 
1 . 2 
± 
+ 
+ 
+ 
0 . 1 
0 . 1 
0 . 1 
0 . 1 
0 . 9 
1 . 2 
1 . 1 
0 . 9 
± 0 . 1 
t 0 . 2 
i 0 . 1 
1 0 . 1 
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Table 4 shows the nutrient concentrations in shoots and roots (tap and laterals). Although 
statistical analysis was not possible since all plants within one treatment and species were 
combined into one sample, the concentrations presented give a fair estimate of the 
treatment effects. Therefore, large differences and trends will be discussed. The species 
most affected in its nutrient concentrations is without doubt R. acetosa. As a result of 
combined trampling the N content of the roots increased, whereas the Ν, К and Ρ content 
of the shoot decreased. The effects of soil trampling resembled those of combined 
trampling for N in the roots and of Ρ in the shoots. The second most affected species was 
R. crispus, with a decrease of shoot К content as a result of soil or combined trampling, 
an increase in shoot N content as a result of shoot trampling and an increase in root N 
content upon combined trampling. Finally, both Plantago species showed hardly any 
changes in their nutrient concentrations, with an exception for root Ρ content upon soil 
trampling of P. major ssp. pleiosperma. 
Table 4: N, K, and Ρ concentrations (μτηοΐ. g' DW) in shoots (S) and roots (R) of R. 
crispus, R. acetosa, P.major ssp. pleiosperma and P.major ssp. major plants remained 
untrampled (control=C) or had leaves (L), soil (S) or both (B) trampled twice a week, for 
6 (Plantago) or 8 (Rumex) weeks. Plants (4-6) were combined per species and treatment 
into one sample. "*" means a minimum increase or decrease of 25% compared to the 
control. 
N ^ 
К 
Ρ 
С 
L 
S 
в 
с 
L 
S 
В 
С 
L 
S 
В 
R. crispus 
S 
1115 
1400* 
1038 
1356 
878 
1035 
550* 
616* 
98 
108 
84 
105 
R 
369 
430 
363 
571* 
236 
244 
212 
220 
69 
82 
68 
76 
R. acetosa 
S 
1826 
2070 
2292 
1303* 
999 
1026 
1020 
730* 
52 
47 
33* 
29* 
R 
914 
1050 
2404* 
2608* 
309 
305 
314 
344 
30 
28 
23 
23 
P. m. j 
S 
712 
703 
749 
716 
349 
427 
433 
274 
37 
45 
37 
39 
pleiosperma 
R 
585 
538 
498 
527 
594 
646 
547 
548 
54 
60 
39* 
43 
P.m. 
S 
773 
717 
884 
847 
281 
322 
262 
231 
38 
39 
35 
37 
major 
R 
578 
604 
637 
653 
640 
663 
546 
488 
46 
49 
36 
40 
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The resistance to tearing as result of a force applied horizontally is shown in Figure 3. The 
highest resistance was found for R. acetosa, followed by P. major ssp. major, P. major 
ssp. pleiosperma, R. crispus and R. palustris, respectively. But the lamina of the Plantago 
species has several nerves running parallel from the base to the top of the leave. In 
contrast, the Rumex species possess a featherlike nervature originating from one large 
nerve in the centre of the leave. The smaller nerves of R. acetosa were already included in 
the tissue samples, in contrast to those of the Plantago species. Tissue pieces of both 
Plantago species containing a nerve had a significantly higher resistance to tearing than 
pieces without a nerve. When these pieces were taken into account P. major ssp. major 
had a higher resistance than R. acetosa. The strong structure of the main nervature of both 
Plantago species is emphasized by the fact that instead of breaking they were torn out of 
the laminae, undamaged over several mm. An effect of the age of the leaves on strength 
was found R. acetosa where the youngest leaves had a significantly lower resistance to the 
applied force than the intermediate leaves. 
spades flc Rp Ra Pmp Pmpnerve Pmm Рттлвг 
η- 31 35 35 18 32 38 19 23 19 24 27 28 9 9 24 26 27 S B 
Figure 3. Mean tearing forces (g, +1SEM), of the oldest (open bars), an intermediate 
(cross-hatched bars) and the youngest full-grown (shaded bars) leaf of Rumex crispus, 
Rumex palustris, Rumex acetosa, Plantago major ssp. pleiosperma and Plantago major 
ssp. major plants. Different letters indicate significant differences within one species 
(px0.05). 
Recovery of damaged leaves is indicated in table 5. It did not matter for the response of 
individual damaged leaves whether or not another leave on the same plant was damaged. 
It was obvious that the leaves of the Plantago species, particularly P. major ssp. major 
recovered far better those of the Rumex species. Both Plantago species produced scar 
tissue at the site of folding, whereas the Rumex species showed deterioration of the 
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surrounding tissue. Also, the leaves of the Plantago species grew upright again, in contrast 
to those of the Rumex species. 
Table 5: Morphological changes in leaves of R. crispus, R. palustris, R. acetosa, P. major 
ssp. major and P. major ssp. pleiosperma 1, 7 and 14 days after folding of the laminae or 
petiole. Only differences with leaves on undamaged plants are described. Unless stated 
differently, observations apply the leaf parts beyond folding. Different leaf age is indicated 
with "I" for the second youngest to "IV" for the fifth youngest grown leaf. 
Day Species Morphological changes 
0 All Folding of predestined leaves and petioles 
1 All Brown or Black coloration of tissue surrounding the folding 
7 Rumex tissue coloration less black or brown 
Plantago tissue coloration returning to green, formation of scar tissue on damaged site 
R crispus I-IV Laminae weak 
R palustris I &. II weak, green, III & IV weak, wilted 
R acetosa I & II moderately firm - firm, III & IV weak - moderately firm 
P. m. major I - IV firm 
Ρ m pleiosperma I & II firm, III & IV, moderately firm - firm, when petioles damaged weak 
14 Rumex Necrotic spots along the damaged site 
R crispus I & II. weak, green, III Si IV. weak, succumbed 
R palustris l-IV weak, succumbed or necrotic spots 
R acetosa I-IV weak, also before damaged site, 5-8 oldest leaves senescent compared to 0-3 
oldest in undamaged plants 
Ρ m major I-IV moderately firm - firm, green, laminae upright again, some with a twist 
Ρ m pleiosperma I & II' firm, 111 &. IV, weak - firm, all leaves green, firm leaves upright again 
Discussion 
It is very likely that soil and combined trampling in our experiment not only resulted in an 
increased bulk density and penetrometer value (Table 1), but also in hypoxia of the deeper 
soil layers, as indicated by the redox values. This is the result of the decline in airfilled 
pore volume of the soil. Armstrong (1979) and Ponnamperuma (1984) describe hypoxia as 
a result of water saturation in soils. Xu et al. (1992) demonstrated that gas diffusion in 
soils is positively correlated with the percentage of airfilled porosity. The diffusion 
coefficient becomes zero even when some airfilled pores, 10 per cent of the soil volume, 
are still present. 
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With respect to the trampling experiments the species can be ranked along a gradient of 
increasing sensitivity toward the different treatments (Figs. 1 and 2). The ranking of R. 
palustris is based on the results of this species after two weeks of trampling. For shoot 
trampling the ranking, from low sensitivity to high sensitivity, would be: P. major ssp. 
pleiosperma = P. major ssp. major < R. acetosa < R. crispus < R. palustris. For soil 
trampling this ranking would not differ very much, with the exception that P.major ssp. 
major is more sensitive towards these treatments than P. major ssp. pleiosperma. R. 
acetosa differs from the other species by the fact that it is relatively much more affected 
by compaction, as will be the case in the soil trampled treatment. 
The different responses of the species to soil trampling probably are the result of root 
damage and increased mechanical resistance of the soil in the first few weeks and of the 
hypoxic conditions that occur within these pots in the last weeks. In contrast to R. 
palustris and P. major ssp. major, R. acetosa failed to develop a healthy root system 
under waterlogged conditions (see Engelaar et. al., 1993). Of the other two species, R. 
crispus is adapted to root hypoxia (Laan et al., 1989", Laan et al 1989b) whereas P. major 
ssp. pleiosperma is known to grow on wet places (Haeck, 1992) and should therefore also 
be adapted to these conditions. Although soil compaction reduces root growth of many 
species due to increased penetration resistance (Sri Agung & Blair, 1989, Bengough & 
Mullins, 1991) in relation with a decreased soil-pore diameter (Moss et al., 1988), in the 
final stage of our study the hypoxia mentioned above was likely the key factor when the 
soil was trampled. This is concluded from the responses of the studied species in 
combination with the measured Redox values. The increase in penetrometer resistance that 
was found (Tab. 1) for the trampled pots probably relates to the upper parts of the soil. In 
the deeper soil layers the resistance is likely to have decreased with an increasing soil 
moisture content (Borchert & Graf, 1988). 
The fact that treatments, in which the soil was trampled, had the greatest effects on 
nutrient concentrations of both shoot and root may be explained by a change in nutrient 
availability in these hypoxic soils (Laanbroek, 1990, Ponnamperuma, 1984), an altered 
nutrient uptake rate by the roots or a shift in source/sink relation as reflected by the 
shoot/root ratios (Tab. 3). Shierlaw and Alston (1984) argued that in their experiments it 
was not possible to discriminate between the effects of soil hypoxia or mechanical 
resistance as a result of trampling on P-uptake. Literature on effects of increased 
mechanical resistance resulting from soil compaction on nutrient concentrations of plants 
is scarce. Atwell (1990°) finds a decrease in N and К concentrations in shoots of wheat as 
a result of compaction, which would agree with the results of this study. But, assuming 
that the concentrations of soluble cell constituents provide some indication of total 
contents, his findings of a decreased soluble N03" and NH4
+
 content throughout the 
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youngest 5 cm of the root and decreased K+ content in the older parts (Atwell, 1990b) are 
not in accordance with those of R. crispus and R. acetosa in this study. Our results 
conform much better to the effects of soil hypoxia which can result in increased or 
decreased N concentrations in roots, decreased N concentrations in shoots and in most 
cases an increase in shoot and root Ρ and К concentrations (Glinski and Stepniewski, 
1985). The decline in shoot/root ratio in the soil and combined trampling treatment of R. 
acetosa can be explained by the inability of the roots to supply the growing shoot with 
nutrients resulting in decreased nutrient concentrations (Tab. 4) and inhibited shoot 
growth. In the case of R. crispus the nutrient concentrations were much less affected and 
subsequently a relative high amount of shoot biomass (Tab. 3) was supported by a low 
amount of root biomass. When the nutrient concentrations were not affected, as for both 
Plantago species, shoot/root ratios also remained indifferent. These findings indicate a 
correlation between shoot growth and mineral nutrient provision by the roots. 
The reaction to shoot trampling can largely be explained from the results of the 
experiments on tearing resistance and recovery after damaging. The ranking for resistance 
to shoot trampling, as proposed above, is nearly the same as the resistance to tearing and 
recovery (Fig. 3 & Tab. 5). The major exception is the tearing resistance of R. acetosa, 
which is higher than would be expected by its ranking for resistance to shoot trampling. 
But R. acetosa is also the only species of which the life time of an individual leaf seems 
to be negatively affected by shoot damaging, even when that particular leaf was not 
damaged (Tab. 5). This would ultimately result in a decrease in photosynthetic active 
tissue, with a subsequent delay in production. For both Plantago species the high tearing 
resistance in pieces with a nerve is very important. Due to the parallel, longitudinal 
orientation of the nerves the leaf is well protected against a large biomass loss. The veins 
in these nerves are well protected by several adapted cell types and sclerenchyma 
(Soekarjo, 1992). Contrastingly, in the Rumex species the tissue, with a relatively low 
resistance, is not bounded by very strong nerves, and might therefore easily be lost. The 
good protection of the veins of Plantago may also result in a relative small inhibition in 
transport upon folding, explaining why the damaged leaves recovered so well. The 
reactions to combined soil and shoot trampling (Figs. 1 and 2) seem in most cases to be 
an addition of the responses to separate shoot or soil trampling, as illustrated by the low 
number of interactions between the main treatments; soil trampled and shoot trampled 
(Tab. 2). 
Combining the experiments and comparing the results with the field distribution of the 
studied species, it is obvious that the responses of the plants to the combined treatment 
resembled best those we would expect of a moderate trampling of a moist place. The 
species respond largely as would be expected from their field distribution. The only 
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species not adapted to hypoxia of the soil, R. acetosa, reacted most negatively to soil 
trampling. Both Plantago species, able to occur on moderately to heavily trampled sites, 
were not affected by shoot trampling. But the subspecies occurring on relatively dry 
places, P.major ssp. major, was negatively affected by soil trampling and, to an equal 
extent, by combined trampling. After 2 weeks, R. palustris, the only species occurring 
solely on untrampled sites seems to be more affected by trampling than the other species. 
Finally, R. crispus behaved as an intermediate with regard to the trampling treatments 
applied in this study. 
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ROOT GROWTH OF RUMEX AND PLANTAGO SPECIES IN COMPACTED AND 
WATERLOGGED SOILS 
Summary 
The root patterns of Rumex palustris (Sm ), Rumex acetosa (L.) and Plantago major (L.) ssp. 
major, three species occurring in the river forelands, were studied in experimentally 
waterlogged or drained, compacted soils and compared with specimens growing in drained, 
loosely packed soils as a control. A modified method for endoscopy in root boxes was 
developed. The species studied showed different patterns of root development as a result of 
soil waterlogging or compaction. R palustris was the least sensitive to waterlogging of the 
soil, as shown by the formation of new, morphologically distinctive roots, R acetosa was 
the most sensitive and Ρ major had an intermediate response With respect to soil 
compaction P. major was the least affected species, followed by R acetosa and R palustris, 
respectively. The fractional root porosity of these species was studied by using a flow-
through system to create hypoxia, a small soil pore diameter or a combination of both. 
Hypoxia resulted in a higher root porosity In both Rumex species small soil pores inhibited 
this increase. Contrasting results were found for the porosity of Plantago roots. Results are 
discussed in relation to the distribution of these species in the field. 
Key words: aerenchyma formation, perforated soil system, Relative Extension Rates, 
spatial distribution of roots 
Introduction 
Roots of plants occurring in river forelands have to cope with extreme changes in soil 
conditions. Two of the most obvious features of those areas are fluctuating water tables 
and soil compaction. As a result of high water levels the rhizosphere may become hypoxic 
or even anoxic during flooding (Ponnamperuma 1984; Gambrell et al. 1990), and oxygen, 
which is necessary for respiration, may no longer be available to the roots from its 
surroundings. In the times between flooding soil compaction may occur. The process of 
intermittent water application makes the soil more dense by breaking down large soil 
particles during periods of water saturation (Hadas 1990). The resultant particles are then 
strongly bound by contraction of the hydration envelope of the colloidal units as the soil 
water content decreases (Samani and Yitayew 1989; Hadas 1990). A second cause of soil 
compaction is trampling. Cattle paths can often be found parallel to the levees and dikes 
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and fences, or along the river bank, and are more or less frequently flooded depending on 
their location in the flood plains. Soil compaction may lead to increased mechanical 
resistance as well as reduced gas diffusion (Boone et al. 1986). 
The formation of a high fractional root porosity, for instance as aerenchyma, has proved to 
be essential for meeting the oxygen demands of roots in hypoxic or anaerobic conditions 
(Laan et al. 1990) and is considered to be a good indication of the resistance to flooding 
of a species (Justin & Armstrong 1987; Laan et al. 1989). However, in compacted soil the 
root may face hypoxia and increased mechanical impedance at the same time. Aerenchyma 
formation could overcome the effects of hypoxia in these soils but it may also weaken the 
root structure. Root growth depends both on the ability of the root tips to evade or 
overcome mechanical pressures (Taylor 1974) and on their oxygen supply via the soil or 
internal aeration (Tackett & Pearson 1964; Webb & Armstrong 1983). Therefore, root 
patterns of plants in the river forelands should be expected to change swiftly with the 
physical conditions of the soil before, during and directly after waterlogging. 
There is a gap in our knowledge with respect to plant root patterns in waterlogged or 
compacted soils, primarily because of a lack of suitable methods for studying intact root 
systems (Böhm 1979; Harper et al. 1991). Many of the methods described in literature are 
essentially destructive, being based on excavation of the root system or at least part of it. 
Others, e.g. observations with glass tubes (Bates 1937; Waddington 1971; Böhm 1974) 
and rhizotrons (Taylor et al. 1990) are non-destructive, but large tubes cannot easily be 
used in well defined pot experiments and smaller tubes sample only a small volume of soil 
making it difficult to get a clear picture of the complete root architecture (Mackie-Dawson 
& Atkinson 1991). In rhizotrons the roots cannot grow undisturbed but are forced 
downwards or sideways after reaching the glass wall. A suitable, non-destructive method 
is essential when root growth rates of individual plants are to be calculated. The introduc-
tion of the perforated soil system (Van den Tweel & Schalk 1981; Bosch 1984) made it 
possible to study the root development and architecture of individual plants accurately 
over a period of time. It was even possible to derive relative root growth rates (Voesenek 
& Blom 1987). However, because of the perforations bored through the soil monolith, it 
was not possible to study root growth and distribution in waterlogged or compacted soils. 
We designed a combination of the perforated soil system and the mini-rhizotron technique 
to study root growth and spatial distribution accurately in both situations. 
This paper aims at testing the hypothesis that flooding and soil compaction at least 
partially determine the root anatomy and thus the root patterns, of three Rumex and 
Plantago species. The relationship between these root characteristics and the distribution 
of these species in the river area will be discussed. The investigated species are: R. 
acetosa from high, seldom flooded habitats; R. palustris, from low lying, frequently 
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flooded habitats (Blom 1990; Blom et al. 1990); and P. major ssp. major, on and along 
heavily trampled cattle paths (Blom 1976; Kutschera, 1960). 
Materials and Methods 
ROOT PATTERNS 
Experimental design. Three series of 24 root boxes with either Rumex palustris (March 
1990), Rumex acetosa (November 1990) and Plantago major ssp. major (March 1991) 
were prepared. Per series eight had drained, loosely packed substrates (control series), 
eight had drained, densely packed soils and eight were waterlogged during the course of 
the experiment. A modification of the horizontally perforated soil system (Voesenek and 
Blom 1987) was used. Forty-five perforations were placed in our experiment, resulting in 
six horizontal layers and three vertical columns (Fig. 1). A mirror was placed at an angle 
of 45" on top of the intrascope (Fig. 1). Four boxes were perforated for each treatment and 
provided with glass tubes (diameter 12mm), which prevented collapse of the soil and root 
damage during counting. The other four were unperforated and served as blanks in order 
to test the possible effects of the glass tubes on plant development. 
1 \ I T / 
2 \ X I / 
3 \ 9 9 / 
mirror 
wLm= 
oculair 
ι 1 
18 mm 
Figure 1: Modifications of the perforated soil system (Voesenek and Blom, 1987) for root 
observations in waterlogged or compacted soils. Root box with positions of the glass tubes 
dividing the soil in six horizontal layers and three vertical columns (two Side columns and 
one Centre column). Detail of intrascope top with dismountable mirror is presented 
separately. 
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Preparations. The root boxes were filled with air-dried, sieved (2-mm mesh size) river 
sandxlay mixture (3:1, v:v). In the drained, loosely packed series, the mixture was 
moistened to 60% of its water holding capacity and the hulk density of these soils was 
1.41 g cm1. Compaction (bulk density= 1.49 g cm3) was achieved by percolating water 
over the soil after scaling the boxes water tight, except for some perforations . The boxes 
in the waterlogged series were fitted with a plastic bag on the inside and, after sealing 
them water tight, filled with water saturated soil mixture (bulk density^ 1.47 g cm3). All 
boxes were prepared at least 72 hours before planting the seedlings, thus excess water 
could evaporate. 
Seeds of the different species were collected in forelands of the Waal River near Nijmegen 
(The Netherlands). They were germinated on moistened filter paper in petri dishes after 
removal of the perianth. During the 8h dark/ 16h light period temperatures were 
10°C/25"C for both Rumex species and 10"C/27°C for P. major ssp. major, respectively. 
Plants were placed in the root boxes, one per box, when they had two fully developed 
leaves. The root boxes were placed in a greenhouse under a minimum photoperiod of 16 h 
created by sodium (SON-T 400 W, Philips) and mercury lamps (HLRG, Philips) at a light 
intensity of 120 //Einstein s'm'2; the temperature was 19"C during the night and 20"- 24"C 
during the day. The topsoil and the sides of the drained boxes were regularly sprayed with 
tap water. 
Measured parameters. As soon as at least one root was detected in any one box the 
number of roots per glass tube was counted at regular intervals, i.e. 7 days for R. palustris 
and P. major ssp. major and 3 days for the faster extending R. acetosa. When the roots in 
the control boxes had reached the second horizontal row of glass tubes the designated 
boxes were waterlogged by placing them in large containers with tap water (14°C <T< 
20°C) with the water level 1 cm above the soil surface. The leaves were in contact with 
the atmosphere at all times. The experiment was terminated when the roots in one of the 
boxes reached the bottom or the side of the box. Shoot dry weight (70"C, 48 h) was now 
measured. After a final count of the roots, the soil monolith was cut into 6 horizontal 
layers and 3 vertical columns (Fig. 1, a total of 18 segments). The roots were washed out 
per segment and both of the side segments per layer were combined. Root lengths were 
measured per segment by means of the line intersect method (Newman, 1966) using a 
Comair root length scanner (Comair, Melbourne, accuracy 0.1 m). The dry weight of the 
root system was also determined (70"C, 48 h). 
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At the end of the experiment the mechanical resistance of the soils was measured 18 hours 
after the daily watering by means of a penetrometer with a conus of 2 cm2 (tip anglc= 
60°). The resistance differed significantly between the three treatments being 0.38 
(SD=0.02), 0.60 (SD=0.05) and 0.44 (SD=0.02) MPa for the drained loosely packed, 
drained densely packed and waterlogged soils respectively. All bulk soil in the water­
logged rootboxes with ft palustris and P. major and some of the lower layers of the 
compacted soils were blue in colour which indicates a reduced state of the soil. 
GAS SPACE FORMATION IN COMPACTED AND HYPOXIC SOILS 
Plants of the three investigated species were grown in PVC boxes (40 χ 30 χ 20 cm) with 
either ballotini (diameter 6 mm) or quartz sand (diameter 0.32 mm). The space in the 
boxes was confined by screwing a lid on top, resulting in a constant, small pore diameter 
in combination with a high mechanical resistance. Nutrients were supplied as a modified, 
quarter-strength Hoagland solution (Hoagland & Arnon 1950), which was pumped through 
the boxes at a rate of 6 litres/h' and collected again in a supply vessel of 25 litres. The 
solution was refreshed twice every week. This solution was either saturated with or 
depleted of oxygen by pumping air or nitrogen gas through it. Thus, four treatments were 
applied in total: Aeration with large pores, aeration with small pores, hypoxia with large 
pores and hypoxia with small pores, with three plants per species per treatment. Tempera­
tures during the 8 h dark and 16 h light period were 20°C and 25°C, respectively. After 3 
weeks the three thickest roots of each individual plant were sampled. They were imbedded 
into Spurr-resin (Spurr 1969) and slices were made with the aid of a microtome of the 
section 0.5-1.0 cm behind the root tip. One slide of each plant was selected to determine 
the gas space as the Fractional Root Porosity (FRP= percentage of the root-cross sectional 
area of the whole root occupied by gas space). The length of the longest roots was 
measured for each situation from tip to (tap)root base. These roots were morphologically 
indistinctive from those used for the fractional root porosity. 
MATHEMATICAL AND STATISTICAL ANALYSES 
Per species the effects of the treatment and glass tubes on total root length, shoot dry 
weight, total root dry weight, number of spikes (only for P. major ssp. major) and the 
effect of glass tubes on root length per segment were tested with a two-way ANOVA 
procedure (Sokal and Rohlf 1981). After combining the results of the boxes with and 
without glass tubes within each treatment and species, the effects of the separate treat­
ments were tested, by means of a series of unpaired Student's f-tests (Sokal and Rohlf 
1981). 
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The number of root observations was summed for each row of glass tubes and translated 
into a Standardized Number of Counts (SNC) that estimates the total number of roots 
crossing the soil monolith at that row by means of the following formula: 
W, total soil width 
SNC, = N, . = N, · — 
DT . NT, observed soil width 
in which SNC, is the standardized number of counts in row x, N, is the number of roots 
observed in row x, W, is the width (mm) of the box at row x, DT is the diameter of a 
glass tube (12 mm) and NT, is the number of glass tubes in row x. 
Linear regression equations per treatment and per species were fitted for the SNC of the 
last counts for each row against the root length measured in the layer directly on top of 
that row of glass tubes. All pairs were taken into account in which SNC was not zero, as 
well as the first pair counted from the top of the box, in which the SNC was zero. Root 
lengths were calculated with these regression equations for the different sample times and 
Relative Extension Rates (RER) were calculated per treatment and per species (May et al., 
1965), using the formula: 
LnOJ-LnG.) 
RER = 
4-t| 
in which 12 and 1, are the root lengths (cm) at day 2 and 1 respectively. The differences in 
RER between sample time intervals and treatments within species, as well as differences 
in fractional root porosities between treatments within one species were tested by means of 
a series of non-parametric Mann-Whitney ¿/-tests (Sokal and Rohlf 1981). 
Results 
ROOT PATTERNS 
Validity of root box observations. The glass tubes had no significant effects on total root 
length, shoot dry weight, root dry weight, number of spikes or root distribution throughout 
the soil segments for any of the species. Neither was any interaction found between the 
treatment and glass tubes. Therefore, we concluded that the glass tubes did not influence 
the development of shoot and root systems. 
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Root distribution. Although for R. palustris root length did not differ significantly between 
the treatments (Table 1), the spatial distribution of the roots at the end of the experiment 
and the development of root patterns were totally different. Figure 2 shows the outlines of 
the root systems at different sampling times. The root pattern of R. palustris was oriented 
in a horizontal direction throughout the experiment, whereas R. acetosa and P. major 
showed a far more narrow, downward directed growth pattern. This is even more obvious 
in the compacted soils where none of the roots of R. palustris reached the bottom of the 
boxes in contrast to P. major and R. acetosa. In waterlogged soils the growth pattern of 
both P. major and R. acetosa showed an initial decay of the root system. But whereas P. 
major seemed to recuperate from day 35 onwards, R. acetosa was unable to produce new, 
healthy roots within the 23 days of this experimental series. R. palustris formed a new 
root system with thick, secondary laterals in the soil and thin, highly branched roots at the 
soil-water boundary. 
Table 1. Mean Shoot Dry Weight (SDW, g), Total Root Length (TRL, m), and Root Dry 
Weight (RDW, g) for different treatments with Plantago major ssp. major, Rumex 
palustris and Rumex acetosa at the end of the experiment (±1 SEM, n=7-8). L= drained, 
loosely packed, D= drained, densely packed and W= waterlogged soils. Different letters 
indicate significant differences in means between treatments within species (p^O.05). 
SDW TRL RDW 
P. major ssp. major 
L 0.59 ± 
D 0.59 ± 
W 0.11 ± 
R. palustris 
L 2 . 3 8 ± 
D 0.90 ± 
W 0.56 ± 
R. acetosa 
L 0 .10 t 
D 0.12 ± 
W 0 . 0 3 ± 
0 .10 
0.07 
0 . 0 3 
0 .87 
0.38 
0 .19 
0 . 0 2 
0 . 0 1 
< 0 . 0 1 
a 
a 
b 
a 
b 
b 
a 
a 
b 
2 1 . 0 
2 3 . 0 
2 .8 
1 0 7 . 5 
66 .4 
9 5 . 6 
7.0 
6 . 3 
0.4 
± 
+ 
+ 
+ 
+ 
± 
+ 
+ 
+ 
3 . 2 
1.2 
0 .9 
1 6 . 2 
1 0 . 5 
2 3 . 1 
0 .64 
0 .32 
0 . 1 2 
a 
a 
Ь 
a 
a 
a 
a 
a 
b 
0 .20 
0.17 
0.04 
0 . 9 1 
0.67 
0.38 
0 . 0 3 
0 . 0 3 
< 0 . 0 1 
± 
± 
± 
+ 
± 
± 
+ 
+ 
+ 
0 . 0 2 a 
0 . 0 2 a 
0 . 0 2 b 
0 . 1 5 a 
0 .14 ab 
0 .09 b 
< 0 . 0 1 a 
< 0 . 0 1 a 
< 0 . 0 1 b 
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CONTROL 
Plantago major ssp. major 
COMPACTED WATERLOGGED 
Rumex palustris 
11e 884 
± 5 1 
DAY 
14 
21 
28 
DAY 
14 
21 
28 
35 
17 
20 
23 
τ r 
13 0 87 0 
~1 Γ" 
207 793 
Figure 2: Outlines of the root systems of Plantago major ssp. major, Rumex palustris and 
Rumex acetosa in a drained, loosely packed (control), drained densely packed and 
waterlogged soil at different sample times. Percentages of horizontal and vertical distri­
bution of the measured root length at the end of the experiment are also indicated(± 
1SEM, n=7-8). Outlines are derived by connecting the glass tubes in which at least two 
(out of four) replicate boxes per species and treatment scored a root observation. Water­
logging started on days 21, 14 and 14 for P. major, R. palustris and R. acetosa, respec­
tively. 
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Root growth and decay. The RERs, as calculated by using significant regression equations 
(SNC χ measured root length, ps 0.05) are presented in Fig. 3. In the waterlogged 
situation R. acetosa did not have enough soil layers with roots to enable the calculation of 
a reliable regression equation. For P. major, in the waterlogged series, a large part of the 
root system died soon after waterlogging, resulting in a negative RER; RER became 
positive again from day 28 onwards. The RER for different treatments of R. palustris did 
not differ very much during the experiment, with the exception of days 21-28 for the 
drained, loosely packed series. For R. acetosa RER in loosely packed soil was significant­
ly lower than that in densely packed soil from day 17 onwards. 
Figure 3: Mean Relative Extension Rales 
(+1 SEM) for Planlago major ssp. major, 
Rumex palustris and Rumex acetosa in a 
drained, loosely packed (control, О ) , 
drained densely packed ( Ш ) and water­
logged ( a ) soil at different time inter­
vals, as calculated with the aid of linear 
regression equations of (n=4). Different 
letters indicate significant differences 
within one species (p^s.0.05). 
POROSITY IN ROOTS FROM COMPACTED AND/OR HYPOXIC SOILS 
The formation of gas-space in the root tips is presented in Table 2 as the FRP. In R. 
palustris and, to a far lesser extent, R. acetosa and P. major hypoxia induced the for­
mation of more gas space compared to the aerated situation when grown in substrate with 
a large pore diameter. When the pore diameter was small the formation of extra gas space 
Plantago major ssp. major 
14-21 2 1 - 2 8 28 - 35 35 - 42 
Rumex palustris 
21 -28 28 - 35 
Rumex acetosa 
17-20 2 0 - 2 3 
Time interval ( Day-Day) 
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under hypoxic conditions was inhibited in the case of both Rumex species. A small pore 
diameter did not seem to influence the FRP by itself. 
Table 2: Mean Fractional Root Porosity (± 1 SEM, n= 3-4) as the percentage of the 
root-cross sectional area of the whole root occupied by gas space. Plants of P. major ssp. 
major, R. palustris and R. acetosa were grown on a substrate with either large or small 
pore diameter which was supplied with nutrient solution saturated either with air or 
nitrogen gas. Different letters indicate significant differences within one species (psO.W). 
Ballotini (6 mm) Quartz sand (0.32 mm) 
Aerated Hypoxic Aerated Hypoxic 
P. major ssp. major 
3.1 ± 1.1 а 6.7 ± 0.68 b 6.2 + 2.1 b 5.7 ± 0.06 b 
R. palustris 
5.3 ± 1.1 а 25.7 ± 1.1 b 4.5 ί 0.65 а 2.6 ± 1.3 а 
R. acetosa 
0.33 i 0.12 а 2.5 i 0.18 Ь 0.53 ± 0.43 а 0.61 i 0.35 а 
Table 3: Mean length of roots (n= 3-4) from root tip to (tap)root base as percentage of 
the length of roots grown in aerated nutrient solution on 6 mm ballotini. Plants of P. 
major ssp. major, R. palustris and R. acetosa were grown on a substrate with either large 
or small pore diameter which was supplied with nutrient solution saturated either with air 
or nitrogen gas. Different letters indicate significant differences within one species 
(p±0.10). 
Ballotini 
Aerated 
P. major ssp. major 
100 a 
R. palustris 
100 a 
R. acetosa 
100 a 
(6 mm) 
Hypoxic 
104 a 
116 b 
110 a 
quarz sand 
Aerated 
77 b 
57 с 
61 b 
(0.32 mm) 
Hypoxic 
82 b 
48 d 
57 b 
R. palustrus showed the largest decrease in root length as a result of small soil pore 
diameter, followed by R. acetosa and P. major, respectively (Table 3). R. palustris was the 
only species in which hypoxia in combination with a small soil pore diameter reduced the 
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root length even more compared to the aerated substrate with a small diameter. Root 
length seemed to increase as a result of hypoxia when the soil pores were large for all 
three species. But only for R. palustris was this increase significant. 
Discussion 
Validity of method. The modifications of the perforated soil system met the needs of our 
experiment and proved to be a suitable method to study root architecture under experi-
mental conditions in compacted or waterlogged soil. However, roots growing at the 
surface, like those in the top layers of the waterlogged boxes with R. palustris cannot be 
counted with this method and must be quantitled separately, for instance by placing a grid 
on top of the soil and scoring the number of intercepts as described by Newman (1966). 
Root pattern per species. The downwardly oriented root growth of P. major ssp. major 
and R. acetosa in drained soils (Fig. 2) may help to avoid competition with shallow rooted 
plants for nutrients and/or water (Berendse 1982) or even physical space (McConnaughay 
& Bazzaz 1991). Deep root patterns are typical for plants found on higher grounds that 
can be faced with periods of drought and low soil water tables. In contrast, R. palustris 
showed a more horizontally growing root system, which has been observed earlier 
(Voesenek & Blom 1987). 
Waterlogging effects. Upon waterlogging, R. acetosa showed a major decline in shoot 
dry weight, total root length and root dry weight (Table 1) and a rapid decay of the root 
system. At first, P. major ssp. major also showed an enormous setback as a result of 
waterlogging, but towards the end of the experiment the plants recovered (Figs. 2 and 3). 
Still, all measured growth parameters were significantly lower than those in the control 
series. The percentage decline in shoot dry weight after waterlogging, relative to the 
control series, may have been equally high for R. palustris as for the other two species, 
but in contrast to the other two species its shoots looked very healthy and a new superfi-
cially growing root system had formed (see also Voesenek et al. 1989). Many wetland 
species possess such a superficially growing root system (Dumortier 1991), thus avoiding 
the deeper more reduced soil layers (Etherington 1983). The ability of R. palustris to 
penetrate relatively deep into the waterlogged soils (Fig. 2) is probably the result of the 
ability to form aerenchymatous laterals as long as this is not limited by pore size (Table 
2). Root extension in waterlogged soils was the largest for R. palustris, followed by P. 
major and R. acetosa, respectively (Fig 3). The fractional root porosity in hypoxic, 
uncompacted soils showed an identical order (Table 2). 
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Compaction effects. In a field situation, soil compaction may be accompanied by anaero-
biosis of the soil, especially under wet conditions (Boone et al. 1986) as might be the case 
directly after a period of flooding. However, it is not very likely thai anaerobiosis 
influenced root growth in our compacted soils, because P. major and R. acetosa penetrated 
much deeper into the compacted soil than in the waterlogged series. 
The influence of compaction on the horizontal redistribution of the roots is, though small, 
more obvious for R. acetosa than for P. major. Soil compaction had a far greater negative 
impact on R. palustris (Fig. 2). 
Figure 3 shows that in the later sampling periods the relative extension of both Rumex 
species was significantly higher in the compacted soils than in the loosely packed soils. As 
the root system was not significantly larger in the destructive sampling (Table 1), a larger 
root system must already have been present in the loosely packed series at the start of the 
measurements. Thus, root growth was affected most by soil compaction in the early 
stages of development. The cause for this temporal difference in response to soil 
compaction is probably related to the physical state of the top soil. This top soil has a 
lower water content due to evaporation. As the water content of a soil decreases its 
mechanical resistance generally increases (Bennie & Burger 1988; Borchert & Graf 1988). 
The difficulties some species have in penetrating a compacted top soil is well illustrated 
by Blom (1978). The fractional root porosities of individual roots of the Rumex species 
were unaffected by a small pore diameter itself, but, small soil pores did inhibit (he 
formation of gas space under hypoxic conditions (Table 2). Under waterlogged conditions 
laterals of R. palustris possess many large pores. This adaptation to waterlogging may 
become disadvantagous in the field directly after a flooding, as the water regresses and the 
soil becomes more compacted. The structure of the aerenchymatous laterals may then 
collapse under the external pressure, thus reducing the amount of functional root tissue. 
This might explain why R. palustris is mainly to be found on wet sites. P. major ssp. 
major occurs on compacted soils. Our results show its ability to occur on waterlogged 
soils in the established phase. In waterlogged soil, this species is able to produce new 
roots, of which the fractional root porosity is unaffected by a small, confined pore 
diameter. That this species does not occur very regularly on low, frequently flooded sites 
must be explained by the susceptibility to such conditions during germination and 
establishment (Blom 1978). Finally, although R. acetosa does produce roots with a slightly 
increased fractional root porosity under hypoxic conditions, this species was unable to 
maintain its root system in a waterlogged soil. This explains its absence on frequently 
flooded sites. 
In conclusion we can, at least partially, explain the field distribution of the investigated 
species by their root patterns in waterlogged or compacted soils, as a result of their ability 
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to develop porous tissue in newly formed roots. The development of aerenchyma, and 
consequently root expansion, can be negatively affected by a high mechanical resistance, 
as was the case for R. palustris. 
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ROOT POROSITIES AND RADIAL OXYGEN LOSSES OF 
RUMEX AND PLANTAGO SPECIES AS INFLUENCED 
BY SOIL PORE DIAMETER AND SOIL AERATION 
Summary 
The effects of hypoxia in ballotini and quartz sand with respectively large and small soil pore 
diameters on root porosity was studied for Rumex palustris Sm., Rumex acetosa L. and 
Plantago major L. ssp. major. Under hypoxic conditions R. palustris produced large root 
pores when large soil pores were present. Absence of such large soil pores resulted in the 
collapse of the root structure and a reduced root growth. Increases in intercellular spaces in 
P. major roots seemed to result in a higher root porosity upon hypoxia, a small soil pore 
diameter or a combination of both, but this was not significant. Only a limited number of 
roots with large root pores was produced. The morphological structure of P. major roots 
without large root pores remained intact also in soils with a small soil pore diameter. R. 
acetosa only slightly increased its root porosity upon hypoxia and its morphological structure 
also remained intact when soil pore diameter was small. Radial oxygen loss (ROL) was 
found in R. palustris roots when grown in waterlogged, uncompacted soils. P. major had 
some roots with ROL in all treatments except in waterlogged, compacted soil. R. acetosa did 
not produce any roots showing ROL. Under field conditions aerenchyma is of no use in 
water saturated, compacted soils. This explains why a species like R. palustris only grows on 
hypoxic soil when it is not compacted, in contrast to P. major which will grow on moist, 
compacted soils. R. acetosa cannot be found on either very moist or heavily compacted soil, 
since it does not produce a healthy root system under these conditions. 
Key words: Soil aeration, soil pore diameter, root porosities, radial oxygen loss. 
Introduction 
The root pattern of a plant strongly affects its possibilities to explore the surrounding 
substrate for water and nutrients (Fitter et al., 1991). The pattern may differ between 
individuals of one species as a result of physical soil parameters, which hence influence 
the development of the entire plant (Engelaar, Jacobs & Blom, 1993). The root pattern 
itself is the result of topology, branching characteristics and elongation rates of individual 
roots (Fitter, 1987). Elongation of the roots is strongly affected by two physical soil 
parameters, oxygen availability and mechanical resistance (Tackett & Pearson, 1964), and 
their interaction (Bengough & Mullins, 1990). 
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Under field conditions these soil characteristics are not always favourable for root 
elongation. In river floodplains soils may be flooded regularly or irregularly (Voesenek, 
Blom & Pouwels, 1989), inhibiting gas exchange between the atmosphere and the soil 
pores (Ponnamperuma, 1984). As the oxygen diffusivity decreases and the remaining 
oxygen is consumed by plant roots and soil organisms the soil becomes anoxic (Arm-
strong, 1979). Many wetland species overcome these difficulties by the formation of 
aerenchymatous roots (Jackson & Drew, 1984; Armstrong et al., 1991) often in combina-
tion with shoot elongation to restore its contact with the atmosphere (Voesenek et al., 
1992). These roots do not depend on external oxygen for their respiration, but on 
atmospheric oxygen that reaches the root tip via the aercnchyma (Armstrong, 1979; Laan 
et al., 1990). Some of this oxygen may be lost to the rhizosphere by radial oxygen loss 
(Laan et al., 1989). So, the amount of oxygen available to the root tip in anoxic soils 
depends on: the root porosity, the radial oxygen loss and the amount that is consumed in 
the more basal parts of the root (Armstrong & Beckett, 1987). Another problem roots may 
face in the river floodplains is a high mechanical resistance of the soil to penetration as a 
result of trampling (Liddle & Greig-Smith, 1975) or repeated dry/wet cycles (Hadas, 
1990). When soil pore diameters are smaller than the root diameter, roots will experience 
difficulty in penetrating the soil. The force needed by the root to penetrate the soil 
increases with increasing resistance of the soil particles to displacement (Wiersum, 1957). 
Elongation of the roots is inhibited and the root expands radially (MackieDawson, 1989; 
Bengough & Mullins, 1991). This radial expansion is believed to deform the soil in front 
of the tip so that penetration becomes possible (Abdalla & Hettiaratchi, 1969; Hettiaratchi, 
1990). Therefore, the radial pressures the root can exert on the soil might be essential for 
its penetrating abilities. 
We hypothesize that when soil hypoxia is combined with a large mechanical resistance, 
the large air pores in roots of some species will not withstand the pressures exposed on 
them as a result of the radial expansion of the root. The aerenchymatous structure may 
distort, resulting in a weak aeration of the root tip, a decreased radial oxygen loss and an 
even more inhibited root growth. 
This paper describes the testing of this hypothesis by exposing roots of Rumex palustris 
Sm., Rumex acetosa L. and Plantago major L. ssp. major to hypoxia, a small confined 
pore diameter and a combination of both, under otherwise favourable conditions. Effects 
of hypoxia as the result of waterlogging and increased bulk density on radial oxygen loss 
from the roots of these species were tested by a pot experiment. R. palustris was chosen 
as a representative of species occurring on low places in the river floodplains where plants 
frequently have to face flooding and the accompanying hypoxic soil conditions (Voesenek 
et al., 1989; Blom et al., 1990). P. major is generally found on and along paths (Kut-
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schera, 1960; Blom, 1976; Blom, Husson & Westhoff, 1979) where the soil is compacted 
and mechanical resistance to root penetration will be high in combination with a small soil 
pore diameter. R. acetosa was chosen as a control species as it occurs on those places in 
the river floodplains which are neither frequently flooded nor regularly trampled. 
Materials and methods 
EXPERIMENTAL DESIGN 
Two separate experiments were performed. A water culture experiment was carried out to 
test the effects of soil hypoxia, a small soil pore diameter and the combination of both on 
elongation and porosity of individual roots. The effects of waterlogging, increased bulk 
density and the combination of both, on growth parameters and radial oxygen loss was 
studied by means of a pot experiment. 
PLANT MATERIAL 
For both experiments Rumex palustris, Rumex acetosa and Plantago major ssp. major 
seeds were collected from river floodplains near Nijmegen, The Netherlands. Seeds 
germinated on moist filter paper in petri dishes at a temperature of 10 °C, 12 h/25 ÜC, 12 
h. Seedlings having two fully developed leaves were used at the start of the experiments. 
EFFECTS OF SMALL PORE DIAMETER AND HYPOXIA ON INDIVIDUAL ROOTS 
The seedlings were placed in four water culture systems (Fig. 1). Each system existed of 
two major components: the root compartment, in which the plants grew, and the nutrient 
compartment, containing 25 1 of a modified Hoagland solution (Hoagland & Arnon, 1950). 
The solution was pumped from the nutrient compartment to the bottom of the root 
compartment, at a rate of 100 ml min'1. It was recollected in the nutrient compartment by 
a drainage tube at the top of the root compartment. The nutrient solution, which was 
refreshed twice a week, contained: 2.0 mM N03", 0.125 mM NH/, 1.5 mM K+, 1 mM 
Ca2+ 0.188 mM Mg2\ 0.25 mM P043' and 0.625 mM S042". Additional trace quantities of 
B, Mn, Zn, Cu, Mo and Fe-EDTA were added. In the nutrient compartment the solution 
was flushed with air. From day 8 onwards two of the four systems were flushed with N2. 
Oxygen concentrations of the nutrient solutions were determined in samples from the 
rhizosphere by means of a Winkler titration (Drew & Robertson, 1974). The oxygen 
concentrations in the nutrient solution ranged from 5.71 mg Γ1 at the start to 0.61 mg l"1 at 
the end and 5.39 to 6.86 for the nitrogen and air flushed situations, respectively. The root 
compartment was filled with either glass ballotini (diam 5.6 mm, SEM 0.18 mm) or 
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compressed quartz sand (diam 0.32 mm, SEM 0.04 mm). Soil-pore diameters, calculated 
for the mean particle size, were 1.74 mm and 0.10 mm for the ballotini and the quartz 
sand respectively. The lid of the root compartment had holes for plants. In the case of the 
quartz sand the lid was secured by screws, confining the sand to a fixed volume. The four 
treatments therefore represented a factorial combination of aerobic and hypoxic solutions 
with large and small pores. Three plants of each species were used per treatment, giving 
nine per system in total. The systems were placed in growth chambers with a day/night 
regime 16/8h, 25/20 °C. Relative humidity was in the range 40-70% and the PAR 
(400-700 nm) on plant level was 100-120 μτποί m"2 s '. 
Figure 1: Water culture system existing of a root compartment (A) filled with quartz sand, 
diam. 0.32 mm or glass ballotini, diam. 5.6 mm and a nutrient compartment (B) with: 
circular nutrient inlet (1), nutrient drainage (2), lid (3), nutrient pump (4), gas inlet for 
air or nitrogen gas (5) and one-way valve (6). In root compartments filled with sand the 
lid (3) was mounted tightly to the box by means of 6 rods in PVC-tubes (7), secured by a 
nut (8) on either side of the soil. The nutrient solution was pumped in the direction of the 
arrows. 
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After 4 wk the shoots were separated from the roots. The roots were carefully removed 
Prom the substrate and rinsed with tap water. Per treatment and species one root system 
was photographed. Of each plant the three to five thickest roots were selected, and 0.5 cm 
long sections of these roots (0.5-1.0 cm behind the root tip) were fixed for 1 h after 
vacuum infiltration with P-buffer (0.095 M) containing 1% glutaraldehyde. Fixation with 
glutaraldehyde gave the best reproducible results for our roots. Although some shrivelling 
of cortex cells may occur this was preferred over KMnO,,, which very likely leads to 
swelling of the cells. After rinsing twice with P-buffer and twice with demineralized water 
the sections were dehydrated in a series of increasing ethanol concentrations (30, 50, 70, 
90, 100 and 100%, each step 10 min). After incubation with a Spurr (Spun, 1969) embed-
ding-resin/ethanol mixture (1:1, twice for 30 min) and twice in 100% Spurr resin (2 and 
12 h), the sections were placed in Spurr which was allowed to polymerize for 24 h at 70 
'C. Cross-sectional coupes of 100 μπ\ thick were made with a glass-knife microtome (Ivan 
Sorvall Inc. Connecticut). Total surface area and gas space area of these coupes were 
measured on photographs, made through a dark field microscope, by means of an area 
metre (MOPsystem, Kontron, GMBH). Gas space area was calculated as the fractional root 
porosity, i.e. the percentage of surface area of the cross section occupied by intercellular 
cavities and aerenchymatous spaces. 
EFFECTS OF WATERLOGGING AND SOIL COMPACTION ON RADIAL OXYGEN 
LOSS AND GROWTH PARAMETERS 
For each species, twelve pots with volumes of 1.7 1 were filled with calcareous river sand 
(FAO index: sand). In six pots bulk density was in the range 1.02 to 1.20 kg Γ', and in the 
other six the sand was compacted to a bulk density of 1.35-1.52 kg Γ'. Total pore volume 
was 55-48% for the uncompacted and 41-35% for the compacted series respectively. At 
the start of the experiment the soils were moistened to 60% of the water holding capacity 
of the unconfined sand. Of the total pore volume 24-33% in the uncompacted series and 
43-54% in the compacted series was occupied by water after filling the pots. A lid was 
placed on all pots, with a hole for the plants in the centre. For the compacted series the lid 
was mounted tightly to the pot with wire, confining the sand. After potting of the 
seedlings the pots were randomly placed in a greenhouse. Experimental conditions were: 8 
h dark, 18 °C and 16 h light, 21-24 nC. A minimum PAR of 150 μιηοΐ m"2 s"' (400-700 
nm) was provided by sodium (Philips Son-T 400W) and mercury lamps (Philips HLRG). 
Water losses, due to évapotranspiration, were daily compensated for by adding nutrient 
solution to a predetermined weight. This solution was applied to the bottom of the pot 
with a syringe and contained: 0.5 mM Mg2+, 3.0 mM K* 2.0 mM Ca2+ 4.0 mM NO}, 0.5 
mM H2P04" and 1.75 mM SO,,2'. After 5 wk half the number of pots of both series were 
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waterlogged by placing them in a container Water temperature was 18-20 "C These pots 
received the same amount of nutrients as their drained counterparts After three more 
weeks the plants were removed from the pots and, after rinsing with tap water, transferred 
to a glass plate (30x40 cm) The thickest roots (n=3-4) were spread over the glass plate 
and their position was secured by small pieces of silicone tube The rest of the roots was 
placed as a bulk just beneath and beside the shoot A second plate was clamped on the 
first , separated by a silicone tube around the root system, thus creating a glass cuvette of 
30x40x0 5 cm, with the shoot extruding at the top between the ends of the silicone tube 
(Fig. 2). This gap was closed with clay The cuvette was flushed for 15 mm with nitrogen 
gas through an union at the base of the second glass plate and a needle through the clay It 
was then filled through the union with leucomethylene blue solution (30 mg 1 ') containing 
agar (1 g 1 '), titrated colourless with sodium dithiomte solution Blue coloration of the 
roots after 24 h was scaled from 1-5 A white root was given the value 1, a dark blue root 
the value 5 Radial oxygen loss from the thickest roots was monitored as blue colouration 
of the solution after 24 h. Afterwards shoot and root dry mass were measured and root 
length was determined using a Comair root scanner (Comair, Melbourne) 
Figure 2' System used for Radial Oxygen Loss measurements existing of 1, two glass 
plates, 2, inlet for N2 and agar solution with leukomethylene blue (3), 4, N2 inlet to 
solution stock, 5, bulk roots and 6 selected thick roots 
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STATISTICAL ANALYSES 
The results of the waterculture experiment were tested per species on main and interaction 
effects by means of a nested ANOVA procedure. Observations were nested per water 
culture system. The parameters of the pot experiment were analyzed with a two-way 
ANOVA with compaction and waterlogging as main effects. Before testing growth 
parameters were log-transformed and fractional root porosities were arcsin-transformed 
(Sokal & Rohlf, 1981). When significant interaction effects were found a subsequent 
Tukey test procedure was used to interpret the main effects. All statistical analyses were 
made with the SAS statistical package (SAS Institute Inc. Cary NC). 
Results 
Hypoxia in combination with large pores resulted in the formation of long, thick roots 
(Fig. 3). The proportion of these roots in the total root system was the largest for R. 
palustris followed by P. major and R. acetosa. Their contributions to the lateral root dry 
mass were 58% (SEM= 3.8), 37% (SEM= 6.4) and 10% (SEM= 2.3), respectively. Roots 
grown in quartz sand were shorter than roots grown in glass ballotini, especially in the two 
Rumex species. Thick roots produced in the two quartz sand treatments were more blunt 
tipped and less elongated compared with those on the hypoxic, glass ballotini treatments 
(Fig. 3). 
The fixation with glutaraldehyde caused some shrinkage, especially in both Rumex species. 
Maximal shrinkage, estimated by dividing the measured surface of a cell with its largest 
possible surface were 2, 7 and 11% in the ballotini/air treatment for Plantago, R. acetosa 
and R. palustris, respectively. Cross-sectional coupes show the aerenchyma formation by 
R. palustris in the hypoxic treatment with large pores and the total collapse of this 
structure when hypoxia was combined with a small confined pore diameter (Fig. 4b). The 
cell morphology and arrangement of both P. major and R. acetosa roots seemed to be less 
affected by treatments (Fig. 4a, c). Some of the coupes of Plantago in the hypoxic, glass 
ballotini treatment and the aerobic, quartz sand treatment showed an irregular separation of 
some cell walls, mainly in a radial direction, connecting the intercellular spaces, thus 
creating large pores (Fig. 4d). 
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Figure 3: Roots of Plantago major, Rumex palustris and Rumex acetosa plants, grown on 
glass ballotini (diam. 5.6 mm) or quartz sand (diam. 0.32 mm) supplied with nutrient 
solution which was flushed with either air or nitrogen gas. Diameter of the petri dishes 
was 18.5 cm. 
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Rumex palustris 
Plantago major ssp. major 
TREATMENT 
Rumex acetosa 
250 μιτι 
air 
5,6mm 
N 2 
5,6mm 
air 
0,32mm 
N 2 
0,32mm 
Figure 4: Cross sections of the thickest roots of Plantago major (a), Rumex palustris (b) 
and Rumex acetosa (с) plants, grown on glass ballotini (diam 5.6 mm) or quartz sand 
(diam 0.32 mm) supplied with nutrient solution which was flushed with either air or 
nitrogen gas. (d) Root of Plantago major grown on glass ballotini supplied with nutrient 
solution flushed with nitrogen gas. Arrows indicate separations of cells resulting in large 
pores (indicated with *). Bar represents 250 цт in a, b and с 
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Table 1: Mean root diameter 0.5-1.0 cm behind the root tip Qim), fractional root porosity 
(%) and largest cortical-cell diameter (μιη), all ± 1 SEM, of the thickest roots of Plantago 
major, Rumex palustris and Rumex acetosa plants grown on glass ballotini (diam 5.6 mm) 
or quartz sand (diam 0.32 mm). Plants were supplied with nutrient solution which was 
flushed with either air or nitrogen gas. n=3-6. Different letters indicate significant 
differences between treatments within one species (p^O.05). 
Root diameter 
P. major 
R. palustris 
R. acetosa 
Fractional root 
P. major 
R. palustris 
R. acetosa 
Cell diameter 
P. major 
R. palustris 
R. acetosa 
Air 
5.6 mm 
266 
274 
132 
porosity 
3 .1 
5 . 3 
0 . 3 3 
21 
27 
10 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
16 с 
27 b 
13 с 
1.1 a 
1.1 b 
0 .12 Ь 
1.0 b 
1.8 b 
1.6 с 
0.32 mm 
556 
454 
174 
6 .2 
4 .5 
0 .53 
32 
42 
21 
± 
± 
± 
± 
+ 
± 
+ 
± 
+ 
5 a 
67 ab 
46 bc 
2.1 a 
0.65 b 
0 .43 b 
2.1 a 
1.6 a 
2.3 b 
N2 
5.6 mm 
334 
726 
356 
6.7 
25 
2 .5 
23 
32 
27 
+ 
+ 
+ 
± 
+ 
+ 
+ 
± 
+ 
18 be 
77 a 
23 a 
0 .68 a 
1.1 a 
0 .18 a 
1.0 b 
0 .8 ab 
2 . 0 ab 
0.32 mm 
418 
354 
283 
5.7 
2 .6 
0.61 
30 
31 
31 
± 
+ 
± 
+ 
+ 
+ 
+ 
+ 
± 
43 ab 
44 b 
33 ab 
0.06 a 
1.3 Ь 
0.35 b 
1.2 a 
3 . 1 b 
1.8 a 
With the exception of the fractional root porosity for P. major there was an interaction 
between pore diameter and aeration for fractional root porosity, root diameter and cortical 
cell diameter for all three species. Root diameter increased as a result of hypoxia for both 
Rumex species (Table 1). This effect was partially or totally lost when hypoxia was 
combined with a small soil pore diameter. For P. major a small soil pore diameter resulted 
in an increase in root diameter. This increase also became less when a small soil pore 
diameter was combined with hypoxia. In both Rumex species hypoxia in combination with 
a large soil pore diameter increased the fractional root porosity. In P. major the fractional 
root porosity was not significantly affected by any of the treatments. The diameter of the 
largest cortical cells increased for P. major and R. palustris as a result of small pore 
diameter, and for R. acetosa as a result of small pore diameter and hypoxia. The interac­
tion of the main effects meant an even higher increase when hypoxia and small soil pore 
diameter were combined for R. acetosa, whereas for R. palustris and P. major a combina­
tion of treatments resulted in a weakening of effect of the small soil pores. 
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Figure 5: Mean shoot-dry mass (SDM, g), lateral root dry mass (LDM, g), tap root dry 
mass (TDM, g) and total-root length (RL, m) of Plantago major, Rumex palustris and 
Rumex acetosa plants, grown on drained uncompacted (open bars), drained compacted 
(horizontally hatched bars), waterlogged uncompacted (cross-hatched bars) and water-
logged compacted (grey bars) soils (all + 1 SEM, n=3). 
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In the pot experiment, all three species showed the significant decreases in dry mass and 
root length as a result of a high bulk density under drained conditions (Fig. 5). R. palustris 
and P. major showed no interactions of compaction and waterlogging for dry mass 
parameters or total root length. For R. palustris there was significant negative compaction 
effect for all parameters (Fig. 5, SDM p=0.005, LDM p=0.006, TDM p=0.008, RL 
p=0.003). Growth of R. acetosa was significantly reduced by compaction (SDM p=0.018, 
LDM p=0.016 TDM p<0.001, RL p=0.002), but not by waterlogging. In this species, 
waterlogging had no effect possibly because of the significant or nearly significant 
interaction between the waterlogging and compaction treatment. P-values for interaction 
effects were 0.07, 0.01 and 0.07 for shoot-dry mass, tap-root dry mass and total-root 
length respectively. For P. major, both waterlogging and compaction had negative effects 
on the shoots (p=0.043 and 0.010 respectively). 
The thickest roots from the plants were nearly always darker blue in colour after treatment 
with leucomethylene blue than the bulk roots which consisted of both thin and thick roots 
(Table 2). The colour of the thickest roots of Λ palustris and P. major was affected by the 
treatment. Roots of R. palustris grown in waterlogged, uncompacted soil and roots of P. 
major grown on drained, compacted soil or waterlogged, uncompacted soil were darker 
than those grown on drained, uncompacted soil. Dark coloration was inhibited when the 
soil was waterlogged and compacted. R. acetosa roots only reacted with a weak coloration 
upon waterlogging. Radial oxygen loss was observed over the entire length of all 
investigated R. palustris roots grown on uncompacted waterlogged soil (Tab. 2). Occasion­
ally when a root was accidentally folded during the preparations no ROL was observed 
from the damaged site down to the root tip. Radial oxygen loss was also observed in some 
roots of P. major grown on drained uncompacted, drained compacted and waterlogged 
uncompacted soil. None of the R. acetosa roots showed any ROL. The individual root 
length of R. acetosa was negatively affected by all treatments compared with the drained, 
uncompacted situation (Table 2). 
The length of individual R. palustris roots decreased only upon compaction. The combina­
tion of waterlogging and compaction resulted in a wide range of root lengths. The 
individual root length of P. major was only negatively affected by a high bulk density in a 
drained soil. All species showed an interaction effect between the compaction and 
waterlogging treatments for the individual root length. 
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Table 2: Coloration of the selected thick roots (TR), bulk roots (BR), number of thick 
roots showing radial oxygen loss (RR) plus number of selected roots (SR) and mean 
individual root length of the selected roots (IRL, cm ± 1 SEM, n=7-12) of Plantago 
major, Rumex palustris and Rumex acetosa plants. Plants were grown on drained uncom-
pacted (DU), drained compacted (DC), waterlogged uncompacted (WU) and waterlogged 
compacted (WC) soil Coloration is indicated by a figure of a scale, 1 meaning no blue 
coloration and 5 very dark coloration. Different tetters indicate significant differences 
between treatments within species (psO.05). 
P. major 
DU 
DC 
WU 
WC 
R. palustris 
DU 
DC 
WU 
WC 
Я. acetosa 
DU 
DC 
WU 
WC 
Root coloration 
TR 
3 
4 
3-4 
2-3 
3 
3 
4-5 
2-3 
1-2 
1-2 
2-3 
1-2 
BR 
1-2 
2-3 
2 
1-2 
2-3 
2-3 
2-4 
1-2 
1-2 
1 
1-2 
1-2 
RR 
2 
1 
2 
0 
0 
0 
10 
0 
0 
0 
0 
0 
Radial 
SR 
11 
10 
7 
8 
12 
11 
10 
11 
10 
8 
7 
8 
oxygen loss 
19.0 
10.3 
19.0 
18.5 
14.7 
6 . 3 
12.7 
9 . 5 
21.7 
5.7 
8.7 
4.7 
IRL 
± 
± 
± 
± 
+ 
+ 
t 
± 
± 
+ 
± 
+ 
0.58 a 
0 .35 b 
2 .4 a 
0 .40 a 
0 .69 a 
0 .35 b 
0 .35 a 
2.7 ab 
1.7 a 
0 .35 с 
0.87 b 
0 .35 с 
Discussion 
The root systems as presented in Figure 3 can be explained as the result of aeration and 
penetrating capacities of the individual roots. As a result of hypoxia all three species 
produced new roots with an increased porosity, although not significantly for P. major. 
Gas diffusion from the atmosphere through the shoot to the root tip, e.g. oxygen, and in 
opposite direction, e.g. ethylene, is facilitated by such an increase. An increased porosity 
is known to promote the extension capacity of a root in a hypoxic surrounding (Laan et 
al., 1990, Armstrong & Beckett, 1987). The large increase in FRP of R. palustris was the 
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result of the formation of schizogenous aerenchyma (Fig. 4b). P. major roots did not 
produce aerenchyma with some individual exceptions as illustrated by figure 4d. It is not 
clear why the reaction of individual roots on a plant was so different. However, there is 
another report on 'aerenchyma formation' for roots of Plantago lanceolata (Blaquière, 
1988), a species which was believed not to produce aerenchyma. The relatively small root 
system of R. acetosa under hypoxic conditions reflects its poor ability to produce new 
roots with an increased FRP (Fig 3, Table 1). For both Rumex species the largest increase 
in root diameter was caused by hypoxia, for P. major it was due to a small soil pore 
diameter. The increase in root diameter is correlated with the increase in cortical cell 
diameter (Table 1). Radial expansion of the roots in combination with a decreased 
longitudinal growth in response to a small soil pore diameter is well known (e.g. Moss, 
Hall & Jackson, 1988). From their results it is clear that the radial expansion starts not 
directly at the root tip but very near to it, as would be necessary for the soil penetration 
mechanism proposed by Abdalla and Hettiaratchi (1969). In the roots shown by Moss et 
al. (1988), the external morphology behind the root tip looks damaged. This corresponds 
well with our results, especially for R. palustris where the root structure virtually collapsed 
when hypoxia and a small soil pore diameter were combined (Fig. 4b). In contrast, P. 
major roots grown under hypoxic conditions in quartz sand did not possess large pores. As 
a result its internal structure did not collapse and the individual root length decreased least 
of all species (Figs 3, 4a) when grown in hypoxic quartz sand. 
The radial oxygen loss of roots from plants grown in the pot experiments reflected the 
internal structure of the roots very well. The only situation in which ROL was found for 
all roots was the waterlogged, uncompacted series of R. palustris. Assuming that an 
increased bulk density implies a rearrangement of the soil particles in a more dense way 
and thus a smaller mean soil pore diameter, the growth conditions of individual roots of 
this series can be compared with the N2, glass ballotini series of the waterculture experim-
ent, in which the roots produced aerenchymatous tissue. In the waterlogged, compacted 
series, which can then be compared with the N2, quartz sand treatment, no ROL was 
observed, leading to the conclusion that here too the formation of aerenchyma was either 
inhibited or the aerenchyma collapsed as a result of radial expansion behind the root tip. 
The fact that in a few roots of P. major ROL was found in three different treatments 
strengthens the assumption that under certain conditions large pores may exist also in P. 
major roots. It is not quite clear which treatment triggers this phenomenon since it was 
also observed in the uncompacted, drained situation. The fact that for P. major and R. 
palustris the thickest roots always were darker colored than the bulk roots emphasizes the 
plasticity in the FRP of an individual plant. For R. acetosa this morphological plasticity 
was smaller, as may be concluded from Table 1 in combination with Table 2. In contrast 
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to the results of the waterculture experiments where the combination of hypoxia and a 
small soil pore diameter had the greatest influence on growth of individual roots (Fig. 3), 
in the pot experiments this was achieved by an increased bulk density. This difference can 
be explained by the low moisture content of the top soil in the pots rather than by a differ-
ence in mechanical resistance between the two experiments. Due to evaporation the top 
soil was rather dry and the compaction delayed root penetration to moist soil. This is also 
reflected in the other growth parameters (Fig. 5). The interaction effect that was found for 
the individual root length of all species in the pot experiment should be interpreted as a 
smaller compaction effect when the soil was waterlogged compared with when the soil 
was drained (Table 2). All measured roots were long enough to reach the deeper moist soil 
layers. Therefore, for this parameter a partial relief of the mechanical pressure by the high 
water content in the waterlogged, compacted soils probably was of importance. P. major 
was much more affected by compaction in the pot experiments compared with the water 
culture experiment as a result of a low moisture content during the early growth stage. 
The species is known to be very sensitive to the moisture conditions during establishment 
(Blom, 1976). 
Combining the two experiments we may conclude that a small soil pore diameter indeed 
inhibits aerenchyma formation under hypoxic conditions for R. palustris resulting in a 
poor aeration of the root tip and a decreased root extension and ROL. The higher 
fractional root porosity as a result of larger intercellular spaces in P. major, seems to be a 
less vulnerable solution for aerating the root in conditions of high mechanical resistance. 
Possible aerenchyma formation by this species was absent when the soil was hypoxic in 
combination with a high mechanical resistance. R. acetosa only increased its FRP slightly 
upon hypoxia. As a result the root did not collapse in the combination of hypoxia and a 
small, confined soil pore diameter. The results explain at least partially why R. palustris 
only occurs on wet sites which are not submitted to regular trampling or another treatment 
resulting in compaction. Aerenchyma, its adaptation to hypoxic soil conditions, is of no 
benefit in hypoxic, compacted soils. The results for P. major ssp. major indicate that in 
the established phase this species could occur on both drained and waterlogged soils 
independent of their bulk density. Therefore, the fact that it does not occur on low 
situated, wet places in the river floodplains has to be explained by restrictions during other 
life stages (Kuiper & Bos, 1992). Finally, R. acetosa cannot maintain a healthy root 
system when the soil is either hypoxic or compacted, explaining why in the field this 
species can only be found on raised, well drained, seldom flooded places, which remain 
relatively undisturbed and uncompacted. 
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NITRIFICATION IN THE RHIZOSPHERE OF A FLOODING RESISTANT 
AND A FLOODING NON-RESISTANT RUMEX SPECIES 
UNDER DRAINED AND WATERLOGGED CONDITIONS 
Summary 
The effects of the flooding resistant plant species Rumex palustris and the non-flooding-
resistant plant species Rumex acetosa on nitrification were compared. The plants were grown 
under drained and waterlogged conditions on a mixture of calcareous rivcrsand and sieved 
grassland soil with a high potential nitrifying activity. In the shoots of R. acetosa, but not in 
those of R. palustris, the ratio between the amounts of accumulated carboxylates and organic 
nitrogen, ((C-A)/N
org), appeared to be a useful indicator of ammonium or nitrate consumption 
by the plant. In both plant species, the inorganic nitrogen source had no observed effect on 
the (C-A)/N
ori ratio in the roots. 
The growth of R. acetosa, but not that of R. palustris, was inhibited by waterlogging of the 
soil. Both the activity and the growth of the ammonium-oxidizing bacteria were repressed 
under drained and waterlogged conditions in soils with R. palustris, a condition that was 
attributed to a competitive ammonium uptake by its relatively fast growing roots. In the 
presence of R. acetosa, the activity and growth of the ammonium oxidizing bacteria were 
inhibited under waterlogged, but not under drained, conditions. The growth and activity of 
nitrite-oxidizing bacteria in the absence of actively ammonium-oxidizing, nitrite-producing 
bacteria was likely due to organotrophic growth. 
Key words: Radial Oxygen Loss, nitrification, Rumex, root biomass, waterlogging 
Introduction 
In soils rich in organic material anaerobic conditions are established by a decreased 
oxygen diffusion, as a result of waterlogging, in combination with oxygen consumption 
by plant roots and soil organisms (Ponnamperuma, 1984). Under anoxic circumstances the 
formation of new aerenchymatous roots is beneficial to the survival of plants rooting in 
overwet soils (Jackson & Drew, 1984; Smirnoff & Crawford, 1983; Laan et al., 1989a; 
Laan et al., 1989ь). Oxygen leakage by aerenchymatous roots could maintain oxidized 
conditions in the rhizosphere (Armstrong & Armstrong, 1988), thus enabling the continua­
tion of oxygen-dependent processes such as the oxidation of ammonium to nitrate by 
chemolithotrophic nitrifying bacteria. The process of nitrification consists of two separate 
steps performed by different bacterial species (Watson et al., 1989). In the absence of 
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aerenchymatous roots, nitrification in anoxic, waterlogged soils stops (Belser, 1979) 
because of the oxygen dependency of the ammonium oxidizing enzyme, ammoniummono-
oxygenase. The continuation of nitrate production in the rhizosphere of aerenchymatous 
roots could possibly be beneficial, since most plants, especially caldcóle species, prefer 
nitrate or a mixture of nitrate and ammonium as a mineral nitrogen source (Gigon & 
Rorison, 1972). 
The relationship between plants and nitrifying bacteria in their rhizosphere has been 
investigated in both drained (Smit & Woldendorp, 1981; Blacquière, 1986) and waterlog-
ged soils (Blaquière, 1986;Huang Zhi-Wu & Broadbent, 1988; Uhel et al., 1989). The 
results of Blacquière (1986) indicate that there is a possible stimulation of nitrification in 
wet soils by some fen species containing aerenchyma in their roots. On the other hand, the 
presence of a large amount of root biomass might lead to a higher degree of competition 
for the available NH/ between plant roots, heterotrophic micro-organisms being stimula-
ted by root exudates (Wheatley, 1990) and nitrifiers, resulting in an inhibition of the 
nitrification (Verhagen et al., 1993). 
The aim of this study was to compare the effects of a flooding resistant plant species and 
a flooding non-resistant species on nitrification in drained and waterlogged soils. The 
study forms part of a project investigating the effects of transient floods on the distribu-
tion, population biology, and physiological processes of some herbaceous species, and the 
microbial processes in their rhizosphere (Blom, 1990; Blom et al., 1990; Voesenek et al., 
1990; Van der Sman et al., 1991). Two species, Rumex palustris, a flooding resistant 
species, and Rumex acetosa, a flooding non-resistant species (Blom et al., 1990; Voesenek 
& Blom, 1987), were grown in pots under drained and waterlogged conditions. Plant dry 
weight, chemical composition of the plants, mineral nitrogen concentrations in the soil, 
potential ammonium and nitrite oxidation rates, and most probable numbers of chemoli-
thotrophic nitrifying bacteria were determined. 
According to Troelstra (1983) the amount of accumulated carboxylates (as the total of 
accumulated cations minus the total of accumulated anions, C-Α) divided by the organic 
nitrogen content (NMfr) is an indicator of ammonium or nitrate uptake by the plant. Conse­
quently, the chemical composition of the plant (according to Troelstra) as an instrument by 
which its ammonium/nitrate uptake ratio can be estimated, as well as the nitrifying 
capacity of the soil used, were tested in two of the experiments. 
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Materials and methods 
Three separate experiments with the following goals were performed: (1) to test the 
nitrifying capability of the soil mixture used; (2) to validate the use of the C-A/N^ index 
of the Rumex acetosa and Rumex palustris as an indicator of their nitrate consumption; (3) 
to investigate the effects of plants on nitrification in drained or waterlogged soils. 
SOIL USED 
A mixture of air-dried, calcareous river-sand (pH(H20)=7.7) low in organic matter content 
from Rhine flood plains (Bemmel) and the upper 5 cm of an extensively used calcareous, 
sandy grassland soil (pH(H20)=7.6) from the forelands of the river Ussel (Brummen), both 
sieved (mesh size 2 mm), was applied in all of the experiments. Fresh grassland soil was 
used as an inoculum of nitrifying bacteria. Sampling was done in October 1987 (Exp. 1), 
July 1989 (Exp. 2), and in February 1988 (Exp. 3, R. acetosa) and August 1988 (Exp. 3, 
R. palustris). The grassland soil was not air-dried in order to spare the microbial, 
nitrifying population. The soil mixture was moistened with demineralised water to 60% of 
its waterholding capacity. 20 grams of polyethylene beads were placed on top of the soil 
to reduce évapotranspiration. Water losses were compensated for by watering daily with 
demineralised, freshly autoclaved water. 
GROWTH CONDITIONS 
All experiments were performed using light-proof plastic pots (550 ml) that were 
randomly placed in Heraeus-Vötsch HPS-1500 growth-chambers. A day period of 16 h 
with a photosynthetic photon flux density of 190-210 μΕ s'1 m 2 and a temperature of 25"C 
was maintained. During the night the temperature was lowered to 15"C. The relative 
humidity was kept at 65% during both the day and night. Achenes of R. palustris and 
R.acetosa were collected at Kekerdomse waard, a river foreland near Nijmegen (The 
Netherlands). They germinated (temperature 15°/25°C night/day) on moist filter paper in 
Petri dishes after removal of the perianth. 
NITRIFYING CAPACITY OF THE SOIL MIXTURE 
Twelve pots were filled with the soil mixture (500 g dry weight). Throughout the 
experiment the pots were supplied with a modified Hoagland solution. Nitrogen was added 
in the form of NH/ instead of as a mixture of NH4*and NO, The cation surplus was 
compensated for by S04
2
" rather than CI, as the latter anion may inhibit nitrification when 
present in larger quantities (Johnson & Guenzi, 1963). The nutrient solution was added 
exponentially until week 7. From that time onward the maximal weekly dose was given, 
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which amounted per pot to: 2.24 mmol NH,', 0.28 mmol H 2P0 4, 0.84 mmol K\ 0.14 
mmol Mg2+, and 1.12 mmol S04
2
". After 4 weeks 4 pots were analysed for soil mineral 
nitrogen concentrations. Of the remaining 8 pots, 4 were waterlogged with demineralised, 
autoclaved water. In week 6 and 12, 2 drained and 2 waterlogged pots were analysed. Soil 
extracts were prepared by shaking 25 ml of a 1 M KCl solution and 5 g fresh soil for 2 h. 
NH/, N02" and NO," were measured colorimetrically as described by Keeney and Nelson 
(1982) using a Technicon Traacs 800 autoanalyser (Technicon, USA). 
CHEMICAL COMPOSITION OF PLANTS SUPPLIED WITH DIFFERENT N FORMS 
Thirty pots with 500 g (dry weight) soil mixture each were divided into three groups 
according to their N source: 4.2 mmol N was added to each pot either as (NH4)2SO„, 
NH4NO„ or NaN03. In addition 0.85 mmol KH2P04, 0.64 mmol K2S04, 0.36 mmol 
MgS04.7H20, 9.0 μιηοΐ Fe
3+
 as FeEDDHA, and 5 mg N-Serve (2-chloro-6-trichlorom-
ethyl-pyridine), a nitrification inhibitor (Wickramasinghe, 1985), were supplied once to 
every pot. Control pots without plants have shown N-serve to be a good nitrification 
inhibitor troughout the experiment. In each of the 10 pots in each group one R. acetosa 
seedling or one R. palustris seedling was planted, each seedling having two fully develo­
ped leaves. After 7 weeks the plants were harvested and analysed for their chemical 
composition according to Troelstra (1983). Carboxylate pools, measured as accumulated 
cations minus accumulated anions, and organic nitrogen concentrations were determined, 
and C-A/N
wg ratios were calculated for roots and shoots separately. NH/ and NO," 
concentrations of the soil were determined as in the previous experiment. 
NITRIFICATION IN THE RHIZOSPHERE OF A FLOODING RESISTANT AND A 
FLOODING NON-RESISTANT PLANT SPECIES 
One seedling of either R. acetosa (Februari 1988) or R. palustris (August 1988) having 
two fully developed leaves was planted in each of 80 pots containing 480 g (dry weight) 
of the soil mixture. Ten pots of each species were randomly selected for harvesting after 3 
weeks. One-half of the remaining pots were then waterlogged. During the experiment the 
nutrient supply was analogous to the first experiment . After 5, 7, and 9 weeks, 5 drained 
and 5 waterlogged pots were randomly selected and sampled for both species. The 
following analyses were performed: 
Dry weight of plant and soil. Roots, shoots and soil were separated. The roots were first 
washed in demineralised water. The shoots, roots, and 10 g of homogenized moist soil 
were dried separately for 48 hours at 70°C. 
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Chemical analysis of the plants. The chemical composition of the plants was determined 
according to Troelstra (1983) for R. palustris at all harvests and for R. acetosa only after 9 
weeks, since it had not produced enough biomass at previous harvests. 
Soil mineral nitrogen. This analysis was completely analogous to the method described in 
the experiments mentioned above. 
Potential ammonium- and nitrite-oxidizing activities. NH4
+
 and N02'-oxidizing activities 
were measured according to Belser and Mays (1982). NH4+ oxidation rates were determi­
ned by measuring N0 2 ' accumulation in 100 ml of incubation medium containing 5 mM 
(NH4)2S04, 10 mM NaCIC^, 1 mM P-buffer (pH 7.5) , 0.2 g CaC03, and 40 g moist soil. 
N02" oxidation was determined by measuring the decrease of the N02" concentration in 
100 ml of incubation medium containing 0.1 mM NaN02, 0.2 g CaCO·,, 20 μ\ 0.1% 
N-serve, and 40 g moist soil. The medium was shaken in 250-ml flasks, at 150 rpm and 
25°C. Samples of 1 ml were taken hourly over a 6-h period. N0 2 concentration was 
measured using a Technicon Traacs 800 autoanalyser. 
Enumeration of the nitrifiers. Nitrifying bacteria in the soil were enumerated using the 
Most Probable Number (MPN) technique according to De Boer et al. (1988) with some 
modifications. The medium contained per litre: 500 mg NaCl, 40 mg MgS04.7H20, 15 mg 
CaCl2, 19 mg KH2P04, 104 mg K2HP04, 1 ml SL10 trace element solution (Laanbroek et 
al., 1985), lacking Se, and 330 mg (NH4)2S04 or 69 mg NaN02. The P-buffer was 
autoclaved separately . The pH was adjusted with NaOH before autoclaving. Addition of 
the buffer to the medium after sterilization resulted in a pH for the ammonium and nitrite 
media of 7.2-7.5 and 7.5-7.9, respectively. Nitrifiers were counted after 3 months of 
incubation at 20°C (Both, 1990). 
STATISTICAL ANALYSES 
Differences between drained and waterlogged pots and the differences between sampling 
times within one treatment and species were analysed by means of the Wilcoxon two-
sample test (Sokal & Rohlf, 1981) performed with the STAT1STIX statistical package for 
microcomputers. (NH Analytical Software, St. Paul MN). 
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Results 
NITRIFYING CAPACITY OF THE SOIL MIXTURE 
Table 1: Mean ammonium and nitrate concentrations (μηιοί g ' dry soil) in the soil 
mixture after varying periods of incubation. D= drained pots and W= waterlogged pots. 
Waterlogging started at week 4. N=2, except for week 4, where N=4. 
Week 
Number 
4 
e 
12 
(rea (meni 
D 
D 
H 
D 
W 
NH/ 
0.058 
0.070 
3 . 1 
0 .040 
4 . 4 
NO, 
4.5 
10.4 
1.2 
14.6 
0.82 
NH//NO, 
0 .013 
0.0067 
2.7 
0.0027 
5.4 
The results presented in Table 1 indicate a rapid turnover of ammonium into nitrate in the 
drained soil mixture that did not contain plants. In contrast, ammonium was the dominant 
nitrogen form in the waterlogged pots. In the period between weeks 4 and 12, a total of 
24.9 //mol NH4* per g dry soil was added. In the case of the drained pots, the increase in 
soil mineral nitrogen accounted for 40% of the added N; for the waterlogged pots this was 
only 3%. 
CHEMICAL COMPOSITION OF PLANTS SUPPLIED WITH DIFFERENT N FORMS 
Table 2: Mean ammonium and nitrate concentrations (цтоі. g ' dry soil) in drained soil 
mixture supplied with either ammonium, nitrate or a mixture of both (4.2 mmol per pot), 7 
weeks after potting of Rumex palustris and Rumex acetosa (± 1 SD) (N=5). 
N source 
applied 
(NH4)2S04 
NH„NO, 
NaNOj 
R. palustris 
NH/ 
0.32 1 0 .025 
0.28 1 0.020 
0 . 3 1 t 0 .040 
0 . 0 0 3 
0 .002 
0.027 
NO, 
± 0. 
± 0. 
± 0. 
.003 
.000 
.025 
3 .1 
0 .44 
0 .42 
R. acetosa 
NH/ 
± 0.96 
± 0.024 
± 0.10 
0.021 
0.53 
4.34 
NO, 
± 0.024 
± 0 . 8 1 
± 2.27 
The mineral nitrogen recoveries, as presented in Table 2, show that the total pool of soil 
mineral nitrogen in pots with R. palustris was very low in all treatments. Conversely, 
mineral nitrogen was still abundant in soils with R. acetosa. 
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The results of the analyses of plant nutrient status are presented in Table 3. There was 
no difference in C-A/N
org in the roots of both species when different forms of nitrogen 
were applied. Conversely, the shoots of both species showed a higher C-A/N
org ratio 
when nitrate was present in the soil than when there was only ammonium available. For 
this reason only the ratios of the shoots will be presented in the following experiment. 
Table 3: Concentrations of cations minus inorganic anions, and organic nitrogen and 
C-A/N^g ratios for shoots and roots of R. palustris and R. acetosa grown on NH4*, NO/, 
or a mixture of both under drained conditions. For each value five plants were combined 
into one sample. C-A = concentration of cations minus inorganic anions (meq kg'' DW); 
N„g = organic nitrogen (mmol kg' DW); s=shoots; r= roots. 
N source 
applied 
(NH4)2S04 
NH4NO, 
NaNOj 
s 
r 
s 
r 
s 
r 
C-A 
1328 
841 
1343 
640 
1916 
1014 
R. palustris 
N.. 
1101 
519 
718 
361 
1214 
591 
С-МІ^ 
1.21 
1.62 
1.87 
1.77 
1.58 
1.72 
C-A 
1221 
987 
1577 
990 
1966 
853 
R. acetosa 
N„„ 
2537 
536 
1893 
562 
1889 
480 
C-A/N0 
0.48 
1.84 
0 . 8 3 
1.76 
1.04 
1.78 
NITRIFICATION IN THE RHIZOSPHERE OF A FLOODING RESISTANT AND A 
FLOODING NON-RESISTANT PLANT SPECIES 
Growth of the plants. Fig. 1 shows dry matter accumulation in shoots and roots of R. 
palustris and R. acetosa under drained and waterlogged conditions. Waterlogging had no 
negative effect on dry matter accumulation of R. palustris. The only significant difference 
between waterlogged and drained plants was found to be in the shoot biomass, in favour 
of the waterlogged plants, after 7 weeks. These plants showed typical characteristics of a 
flooding resistant species, such as petiole elongation (Voesenek et al., 1990) and the 
formation of morphologically distinctive roots containing aerenchymatous tissue (Jackson 
& Drew, 1984; Laan et al., 1989a; Laan et al., 1989b). Dry matter accumulation of R. 
acetosa was considerably lower under waterlogged conditions than under drained 
conditions for both shoots and roots. By the end of the experiment most of the leaves of 
the waterlogged R. acetosa plants had become necrotic and died. 
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Fig 7. Л/еал dry matter accumulation of shoots and roots of R. acetosa (shaded bars, 
Februari 1988) and R. palustris (open bars, August 1988) under drained and waterlogged 
conditions (+ 1 SD). Waterlogging started after 3 weeks. N=5, except for week number 3, 
where N=10. *= Significantly different from its waterlogged equivalent, (psO.05). 
Chemical composition of the shoots. With respect to R. palustris, there were no 
differences in the C-A/N
orfr ratio between plants undergoing the same treatment but 
sampled at different times nor between waterlogged and drained plants sampled at the 
same time. The C-A/N„
rg ratio ranged from 0.88 to 0.95 and from 0.87 to 0.93, for drained 
and waterlogged situations, respectively. In week 9 R. acetosa showed a lower C-A/NOTg 
ratio (0.67) for plants grown under waterlogged conditions than for plants grown under 
drained conditions (0.93-1.14). 
Soil mineral nitrogen. In the waterlogged and drained soils that contained R. acetosa 
plants there was an accumulation of NH/ a n d N 0 3 , respectively (Table 4), up to 9 weeks 
after the seedlings had been potted. After 9 weeks the amount of N0 3 ' in the drained soils 
decreased. Although there were some significant differences between the NH/ and NO,' 
content of the waterlogged and drained soils containing R. palustris plants, these are of no 
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importance because of the negligible amounts of nitrogen present. With respect to pots 
containing R. acetosa the number of soils with N02" present was relatively high under 
waterlogged conditions. 
Table 4: Mean mineral nitrogen concentration (μτηοΐ. g' DW) in soils with either R. 
acetosa or R. palustris under drained and waterlogged conditions (± 1 SD). The experi­
ments started in Februari 1988 and August 1988 for R. acetosa and R. palustris, respecti­
vely. Waterlogging started at week 3. An asteriks means significantly different from its 
waterlogged equivalent (psO.05). Number of pots in which at least 0.01 μπιοί nitrite g' 
DW was detected is indicated N=5, except for week 3, where N=10. D= drained 
conditions; W= waterlogged conditions. 
Week Treatment R. palustris R. acetosa 
Number NH/ NO, N02" NH/ NO, Ν02 ' 
D 
D 
W 
D 
W 
D 
W 
0.04+0.03 
*0.00i0.00 
0.15+.0.07 
*0.07±0.02 
0.02+0.01 
0.09+0.01 
0.12+0.03 
1.35+0.57 
0.02+0.03 
0.02+0.01 
*0.06 + 0.04 
0.01+0.01 
*0.03+0.01 
0.02+0.00 
1 
0 
2 
1 
0 
1 
1 
0.17+0. 
*0.17±0. 
1.37+0. 
•0.16+0, 
3.84+0 
*0.26±0 
6.89+1 
.02 
,02 
.51 
.02 
.93 
.06 
.68 
2.93±1.23 
*3.54+0.43 
0.91+0.47 
*4.00+2.94 
0.22±0.07 
0.80+1.26 
0.3010.02 
5 
0 
5 
0 
5 
0 
3 
Potential nitrifying activities. As shown in Fig. 2, both the potential ammonium oxidizing 
and the potential nitrite oxidizing activity of soils with R. acetosa increased in drained 
soils until week 7; they then decreased (ammonium oxidizing) or remained constant 
(nitrite oxidizing). Potential ammonium oxidizing activity in the waterlogged equivalents 
decreased after week 7, resulting in significantly lower potential activities. The potential 
nitrite oxidizing activity in waterlogged soils with R. acetosa showed an initial increase, 
followed by a decline after week 9, resulting in a significantly higher and lower activity at 
week 5 and 9, respectively. The potential ammonium oxidizing activity in both drained 
and waterlogged soils with R. palustris showed a decline immediately after treatment and 
then remained fairly constant. Because of the smaller decline in the drained soils, they 
showed a significantly higher potential activity than the waterlogged soils throughout the 
experiment. The potential nitrite oxidizing activity in both drained and waterlogged soils 
with R. palustris showed a similar increase throughout the experiment. 
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Fig 2. Mean potential NH4* and N02 oxidation rates in soils with either R. acetosa 
(shaded bars. Februari 1988) or R. palustris (open bars, August 1988) under drained and 
waterlogged conditions (+ 1 SD). Waterlogging started after 3 weeks. N=5, except for 
week number 3, where N=10. *= Significantly different from its waterlogged equivalent, 
(p^O.05). Different letters on top of the bars indicate significant differences in mean 
between sampling times within each treatment and each species (pz0.05). 
Numbers of nitrifying bacteria. As shown by the Most Probable Numbers (MPNs) of 
nitrifying bacteria (Fig. 3), the MPN of NH„+- and N0 2 -oxidizing bacteria in drained soils 
with R. acetosa increased week in 7. The waterlogged counterparts showed an increase in 
the number of NH/ -oxidizing bacteria in week 5 and a decline after week 5. Thus, at 
week 5 there is a significantly higher probable number of NH„+-oxidizers and after week 
5, a significantly lower number, than found at these times in the drained soil. The MPN of 
N02 ' -oxidizing bacteria in waterlogged soils with R. acetosa showed only a small increase 
after weeks 7 and 9, resulting in a significantly lower number than found at these times in 
the drained soils. 
In contrast to this there was no increase in the nitrifying population in either waterlogged 
or in drained soils with R. palustris. The difference in population sizes of the nitrifiers at 
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the start of the experiments with either R. acetosa or R. palustris was probably due to the 
fact that soil was collected in February and July for the experiments with R. acetosa and 
R. palustris, respectively. The numbers of nitrifying bacteria in the field fluctuate 
throughout the year (Both, 1990). 
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Fig 3. Mean most probable numbers of NH/ and N02 oxidizing bacteria in soils with 
either R. acetosa (shaded bars, Februari 1988) or R. palustris (open bars, August 1988) 
under drained and waterlogged conditions (+ 1 SD). Waterlogging started after 3 weeL·. 
N=5, except for week number 3, where N=10. *= Significantly different from its water-
logged equivalent, (psO.05). Different Letters on top of the bars indicate significant diffe-
rences in mean between sampling times within each treatment and each species (ps.0.05). 
Discussion 
The soil mixture used had a nitrifying potential high enough to show high nitrification 
rates under drained conditions. Waterlogging in the absence of plants had an inhibitory 
effect on nitrification (Table 1). Mineral nitrogen losses may partially be due to immobili-
sation in biomass of micro-organisms and algae (the latter one particulairy in the water-
layer of the waterlogged pots), or they result from nitrate reduction in both drained and 
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waterlogged soils, yielding gaseous nitrogen compounds. In the case of the waterlogged 
pots the nitrate, necessary for this process, can be formed in the soil-water boundary, and 
may be reduced again after diffusion into the anoxic soil. 
In contrast to the observations of Troelstra (1983) and our results for R. acetosa, R. 
palustris did not show an increasing C-A/N
nrg ratio when the portion of nitrate in the 
nutrition solution was increased, although ratios were higher when nitrate was supplied to 
the soil. In addition, all of the ratios for R. palustris were greater than 1, in contradiction 
to Troelstra's theory (1983) which states that only the ratios of plants supplied with 
nitrate can exceed 1. This condition was probably caused by nitrogen deficiency. As 
shown in Table 2, the mineral nitrogen concentration in soils with R. palustris was very 
low by the end of the experiment; in soils with R. acetosa, however, mineral nitrogen was 
still available. Table 3 clearly demonstrates that the high C-A/N
nrg ratios for R. palustris 
originated from a low organic nitrogen content rather than from a large carboxylate pool 
(C-Α). This also holds true to a lesser extend for the results of R. palustris in the 
nitrification experiment. At the end of the experiment the N„
rg content (mmol, kg"1 DW) 
was 1334 and 1100 for drained and waterlogged pots, respectively. The differences 
between the results of the nitrification experiment and those presented in Table 3 are 
probably due to the lower total amount of nitrogen given to the plants of which the results 
are presented in Table 3, resulting in an ever greater nitrogen deficiency. The conclusion 
that the (C-A)/N„
rg ratio can be considered to be a measure of ammonium or nitrate uptake 
by the plant seems only to be justified for shoots of R. acetosa. 
Nitrification was inhibited in waterlogged soils with R. acetosa as well as in both drained 
and waterlogged soils with R. palustris. In soils with R. palustris, waterlogging was not 
the most likely cause of this inhibition. This conclusion is supported by the fact that the 
activity and size of the ammonium oxidizing population decreased under both waterlogged 
and drained conditions (Figs. 2, 3). Furthermore, with R. palustris the amount of nitrogen 
was limited in the soil under both conditions, whereas in pots with R. acetosa nitrogen 
was still available in both treatments, and NH4
+
 became the predominant mineral nitrogen 
form in the waterlogged soils (Table 4). At the same time, the C-A/N
org ratio of the shoots 
of R. acetosa in waterlogged soils decreased considerably, indicating that there was a shift 
from N03" uptake to NH4
+
 uptake by the plants. This observation combined with the fact 
that for R. acetosa nitrification inhibition only occurred in waterlogged soils makes it 
plausible to conclude that in these pots nitrification inhibition is caused by anoxia rather 
than by an ammonium deficiency. This conclusion is strengthed by the finding of nitrite in 
the waterlogged pots, since nitrite is a nitrogen compound that is known to accumulate in 
soils under anoxic conditions Doner et al., 1975). In contrast, ammonium deficiency is 
more likely to be the cause of nitrification inhibition in pots with R. palustris. The 
116 
chapter 6 
difference between R. palustris and R. acetosa is the consequence of a higher biomass 
production of R. palustris (Fig. 1). A negative correlation was found between the root 
biomass of R. palustris and potential ammonium oxidation activity, both under drained and 
waterlogged conditions. The correlation equations are y= -1.711ogx + 15.73, R=-0.47, 
(psO.02) and y= -3.121ogx + 11.74, R=-0.59, (psO.005), respectively; y being potential 
ammonium oxidation activity and χ being root biomass. This negative influence may be 
directly due to the plant: ammonium uptake or oxygen consumption by root respiration. 
However, root respiration seems to be an unlikely cause for the inhibition because R. 
palustris is known to show a net oxygen diffusion from its roots to the soil under 
waterlogged conditions (Voesenek, 1990). 
The negative effects of plant roots on the potential ammonium-oxidizing activities might 
also be caused indirectly by introducing organic carbon as soluble root exudates into the 
soil, thus promoting the growth of chemo-organotrophic micro-organisms (Wheatley et al., 
1990). Ammonium oxidizers have been shown to be weaker competitors for ammonium 
than organotrophic micro-organisms (Verhagen & Laanbroek, 1991; Verhagen et al., 1992) 
and the roots of higher plants when N is limited. No growth inhibition of the plant 
biomass seemed to occur in the first part of the experiment (Fig. 1), where an inhibition of 
ammonium oxidation had already taken place. Therefore, we consider R. palustris to be a 
better competitor for limiting amounts of ammonium than the ammonium oxidizing 
populations. A correlation between the root biomass of R. acetosa and potential ammo­
nium oxidizing activity was not found. This excludes influences on nitrification by the 
plant under drained or waterlogged conditions by the plant. 
In contrast to the ammonium oxidizers, the potential nitrite oxidizing activity was 
stimulated after waterlogging of soils with R. palustris (Fig. 2). This uncoupling of the 
ammonium and nitrite oxidation can be explained by several mechanisms (Woldendorp & 
Laanbroek, 1989). In our case, an aerobic or anaerobic organotrophic metabolism of 
Nitrobacter strains seems to be the most likely one. In contrast to the ammonium oxidizing 
species, some species of the genus Nitrobacter are also able to grow organotrophically. 
Some species of this genus can even grow anaerobically by nitrate reduction. The supply 
of carbon by plant roots is supported by a positive correlation of the potential nitrite 
oxidation rate with root biomass of R.palustris under drained and waterlogged conditions. 
The correlation equations are y= 2.22x + 16.56, R=0.90, (psO.0001) and y = 3.15x + 
14.69, R=0.86, (psO.0001) respectively; y being potential nitrite oxidation and χ being root 
biomass. 
The MPNs of nitrite-oxidizing bacteria fluctuated considerably (Fig. 3) and did not 
correlate with the potential oxidation activity; neither did the MPNs and potential 
oxidation rates of the ammonium oxidizers. Numbers of bacteria on the one hand and their 
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activity on the other hand are apparently two separate parameters of a population that are 
influenced in different ways by the environment or experimental conditions, and therefore 
do not necessarily correlate (Woldendorp & Laanbroek, 1989). 
in conclusion, it appears that any possible, positive effect of radial oxygen loss by R. 
palustris on nitrification in waterlogged soils was overshadowed by the N deficiency of 
the soil. Therefore, stimulation of nitrification in waterlogged soils by plants with aeren-
chymatous roots can only be expected when sufficient NH4* is present. In the case of R. 
acetosa, nitrogen did not become limiting, but nitrification was inhibited by waterlogging. 
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PRESERVATION OF NITRIFYING CAPACITY AND NITRATE AND NITRATE 
AVAILABILITY IN WATERLOGGED SOILS BY RADIAL OXYGEN LOSS 
FROM ROOTS OF WETLAND PLANTS 
Summary 
The effects of radial oxygen loss from roots on nitrification and nitrate availability were 
studied. Plants of the flooding resistant species Rumex palustris and the flooding sensitive 
species Rumex thyrsiflorus were grown on drained and waterlogged soils with an initially 
high nitrifying capacity. Nitrate reductase activity of the plant leaves was used as an indicator 
of nitrate availability to the plants. In a separate experiment these species were shown to 
have higher levels of nitrate reductase activity when nitrate was added to the soils compared 
to when only ammonium was provided. In drained soils nitrification was maintained and both 
plant species showed relatively high nitrate reductase activities in their leaves. In the 
waterlogged series with R. thyrsiflorus, nitrification was inhibited, NH4* accumulated and 
plants grew less well compared to those on drained soils. In contrast, waterlogged soils with 
R palustris had a redox potential high enough to expect oxygen to be present. Furthermore, 
the nitrifying capacity of these latter soils was maintained at a high level, R palustris grew 
well and nitrate must have been available to the plant, since a high nitrate reductase activity 
was observed in the leaves. 
Key words: Radial oxygen loss, nitrification, waterlogging, Rumex 
Introduction 
Many plants, especially caldcóle species, prefer to take up nitrogen either as nitrate or as 
a combination of nitrate and ammonium (Bogner, 1968; Ellenberg, 1977; Gigon & 
Rorison, 1972). In many natural soils nitrification is probably the most important source of 
nitrate. This oxidation of ammonium via nitrite to nitrate is generally performed in two 
separate steps by chemolithotrophic nitrifying bacteria (Watson et al., 1989). It highly 
depends on the oxygen status of the environment because of the oxygen dependency of the 
ammonium oxidizing enzyme, ammonium mono-oxygenase (Belser, 1979). Upon waterlog-
ging, the diffusion rate of oxygen into the soil sharply decreases (Armstrong, 1979). 
Remaining oxygen in the soil is rapidly consumed by plant roots and soil organisms and 
anaerobic conditions will occur (Ponnamperuma, 1984). At this point nitrification will no 
longer take place and ammonium accumulates (Laanbroek, 1990). The ability of certain 
plants to survive in these reduced soils is generally increased by the presence of aeren-
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chyma in their roots (Justin & Armstrong, 1987; Laan et al., 1989a). Radial oxygen loss 
from aerenchymatous roots to the rhizosphere creates a small sheet of oxidized substrate 
around the root in an otherwise reduced environment (Laan et al., 1989b). It might be 
possible that in this sheet the nitrifying population can still be active, providing the plant 
with nitrate. Both et al. (1992) found a larger nitrifying population present in the oxidized 
rhizosphere of Glyceria maxima compared to the reduced bulk soil. However, in a 
previous experiment by us no stimulation of nitrification by the flooding resistant Rumex 
palustris species containing aerenchyma in its roots was observed under waterlogged 
conditions (Engelaar et al., 1993). We found that ammonium and not oxygen was probably 
limiting the activity of the nitrifying bacteria in the rhizosphere of this Rumex species. 
The aim of this study was to investigate whether the nitrifying capacity of a waterlogged 
soil could be maintained by the presence of a plant species with aerenchymatous roots, 
provided that the amount of ammonium was not limiting. 
The experiment was performed with Rumex palustris, a flooding resistant species that 
forms aerenchymatous laterals under waterlogged conditions (Laan et al., 1989a; Voesenek 
et al., 1989), and Rumex thyrsiflorus a flooding sensitive, non-oxygen releasing species 
(Laan et al., 1989a; Blom et al., 1990). 
Materials and methods 
Two experiments were performed. The first experiment was done to validate the use of 
nitrate reductase activities as a measure for nitrate availability, as suggested in literature 
(Langelaan & Troelstra, 1992; Uhel et al., 1989), for the two species studied. The second 
was performed to investigate the influence of radial oxygen loss from a flooding resistant 
plant species on the nitrification capacity and nitrate availability in a flooded soil. 
For both experiments seeds of R. palustris and R. thyrsiflorus were collected from 
floodplains in the Rhine delta, near Nijmegen, the Netherlands. After removal of the 
perianth, the seeds germinated on moist filter paper in Petri dishes, temperature 10727°C, 
during 12 h night/12 h day. 
NITRATE REDUCTASE ACTIVITY AS A MEASURE FOR NITRATE 
AVAILABILITY 
Per species 63 light proof, plastic pots were prepared. They were filled with 500 g air 
dried, sieved (mesh size 2mm) calcareous river sand (pH(H20)=7.7) low in organic matter, 
collected from floodplains in the Rhine delta (Bemmel, the Netherlands). To each pot 0.86 
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mmol КН2Р04, 0.63 mmol K2S04, 0.36 mmol MgS04.7H20, 10 μηιοί Fe-EDDHA and 4.2 
mmol N was added. The nitrogen was added either as NaNO,, NH4N03 or (NH4)2S04, 
each to 21 pots. In the case of (NH4)2S04 half the amount of N was given at the start and 
half the amount after 2 weeks. To all pots 5 mg dicyandiamide (DCD), a nitrification 
inhibitor (Amberger, 1986), was added. Analyses of soil mineral N at the end of a control 
experiment without plants showed that the DCD maintained its inhibition action through­
out the entire experimental period. The sand was brought to 60% of its water holding 
capacity by adding 156 ml demineralized water. In each pot one seedling of either R. 
palustris or R. thyrsiflorus was planted and the pots were placed in growth chambers with 
a day period of 16 h, during which a photosynthetic photon flux density of 200 ± 20 μΕ 
s 'm
2
 and a temperature of 25°C was maintained. At night, the temperature dropped to 
15°C, but relative humidity was constantly kept between 55 and 70%. After 5 weeks the 
nitrate reductase activity was determined 1, 5, 10 and 14.5 h after start of the light period 
and 0.5, 4 and 7 hours after start of the dark period. Per sampling time three plants per 
species were sampled and analyses were carried out in triplicate per plant, on the youngest 
2 or 3 fully developed leaves. The method used was a modification of the assay as 
described by Jaworski (1971). Leaves were separated from the shoot and cut into segments 
of 0.5 χ 0.5 cm after removal of the nerve. Between 100 and 200 mg of these segments 
were put into 25 ml flasks wrapped in aluminium foil, containing 4 ml 0.25 M phosphate 
buffer (pH= 7.8) with chloramphenicol (0.5 mg/ml). After two 1 min periods of vacuum 
infiltration, 1 ml 0.2 M KN03 solution containing 1-propanol (75 μΐ/ml) was added, and 
the flasks were provided with a rubber stopper. Samples of 0.4 ml were taken after 30 and 
60 minutes incubation at 30°C in a shaker (60 rpm). N02 ' accumulation was measured 
colorimetrically using a photospectrometer (Vitatron). Since the incubation was performed 
in the dark nitrite reduction to ammonium was inhibited (Beevers & Hageman, 1969). 
NITRIFICATION AND NITRATE AVAILABILITY IN WATERLOGGED SOILS 
Experimental design. A series of 50 glass beakers (600 ml) was filled with 704 g 
moistened soil. This soil consisted of five parts Bemmel sand and one part (DW:DW) of 
the upper 5 cm of an extensively used calcareous, sandy grassland soil (pH(H20)=7.6), 
both sieved (mesh size 2mm). The grassland soil was collected from floodplains of the 
Yssel (Brummen, the Netherlands). The Brummen soil was used as an inoculum of 
nitrifying bacteria and was collected within two weeks before the start of the experiment. 
The pots contained 104 g water, bringing the soil to 60% of its water holding capacity. All 
pots were wrapped with aluminium foil to make them light proof. One seedling of either 
R. palustris or R. thyrsiflorus having two fully developed leaves was planted in each of 
the 50 pots. Nutrition was added to the pots as a modified Hoagland solution (Hoagland & 
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Arnon, 1950). NO3 had been replaced by NH„+ in combination with S042". This solution 
was added in exponentially increasing quantities, once a week, until week 7. From that 
time onward the maximum weekly dose was given, which amounted per pot to: 2.24 
mmol NH/, 0.28 mmol H2PO/, 0.84 mmol 1С, 0.14 mmol Mg
2t
 and 1.12 mmol S0 4
2 \ 
The solution was injected at the bottom of the pot. From week 4 on additional NH/ was 
given, once a week: 1, 1.5 and 2 mmol per pot in weeks 4+5, 6+7 and 8+9 respectively. 
The soils were kept at a constant moisture content by daily watering with demineralized 
water. 
In week 4, plants had become large enough for first sampling. For each species, 5 plants 
were sampled. Half the number of the remaining pots were waterlogged at this lime. 
Shoots were always in contact with the atmosphere. For both species another 5 drained 
and 5 waterlogged pots were sampled in weeks 6 and 10. The youngest fully developed 
leaves were removed from the plants and used for analyses of the nitrate reductase 
activity. Afterwards, shoots, roots, soil and, for the waterlogged pots, the water phase were 
separated. Shoots and roots were washed with tap water. 
Analyses. 
Redox potential: For each plant species, 4 of the pots, 2 waterlogged and 2 drained, were 
provided with a Pt-eleclrode in week 4. The electrode consisted of a PVC shaft with a Pt-
rod at the end (10 mm long, 1.5 mm diameter). It was placed at the side of the pot 2-5 cm 
over the bottom. From this time on, redox potentials of the soils were regularly measured 
using this Pt-electrode, a reference electrode (Hg/HgCl2/saturated KCl, Metrohm, type 
60701.100) and a mV-meter (Metrohm, type E488). 
Dry weight of plants and soils: Per pot, roots, shoots and 10 g of moist, homogenized soil 
were separately dried for 24 h at 70UC. 
Soil mineral nitrogen: Soil extracts were prepared by shaking 50 ml of a 1 M KCl solution 
and 10 g moist soil (100 rpm) for 2 hours at 20°C. After centrifugation (5 min., 10000 
rpm) NH/ and NO,' concentrations were determined in the supernatant by means of a 
Technicon Traacs 800 autoanalyzer. The mineral nitrogen concentrations of the water 
phase in the waterlogged pots were also determined after centrifugation and added to the 
mineral nitrogen content of the corresponding soils. 
Nitrifying Capacity of the soil: Accumulation of N02" and N03" was measured in 250 ml 
flasks, containing 40 g moist soil, 0.2 g CaCO,, and 100 ml medium, over a 6 hour 
period. The medium contained 5 mM (NH/) 2 S0 4 and 1 mM P-buffer (pH 7.5). The 
medium was shaken at 150 rpm and 25°C. Samples of 1 ml were taken after 0.5 and 6 
hours incubation. N 0 2 ' and N03" concentrations were measured as described above. 
Nitrate Reductase Activity: The assay used was the same as described under 3.1. As a 
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result from that experiment, samples were taken 4 hours after the start of the light period. 
Depending on available biomass 1 to 3 replicates per plant were measured. 
Statistical analysis. Differences between treatments and sample times within one plant 
species were analyzed by means of the Wilcoxon two-sample test (Sokal & Rohlf, 1981). 
Results 
NITRATE REDUCTASE ACTIVITY AS A MEASURE FOR NITRATE 
AVAILABILITY 
R. palustris showed a significantly higher nitrate reductase activity throughout the day 
when nitrogen was supplied either as NO, or a combination of NH4
+
 and N03" compared 
to only NH4
+
 addition (Fig. 1). For R. thyrsiflorus the same effect was observed in the 
period 1 hour before start to 10 hours after start of the light period. Based on these results 
sampling time for the waterlogging experiment was set at 4 hours after start of the light 
period, with basic values (NH4+ addition only) of approximately 2 μτποί per g DW per 
hour for both species. 
R. thyrsiflorus 
Figure 1: Mean leaf nitrate reductase 
activities (± 1SD, n=3) of Rumex thyrsi­
florus and Rumex palustris plants supplied 
with either NaNOj, NH/fO, or (ΝΗ<)β04 
(μτηοΐ. g DW'. h ') throughout a 24 hour 
period. The grey area represents the dark 
period. 
• =NaN03 
a=NH 4N0 3 
0=(NH4)2S04 
0 4 θ 12 16 20 24 
time (hours) 
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NITRIFICATION AND NITRATE AVAILABILITY IN WATERLOGGED SOILS 
The redox potentials measured in the soils are shown in Figure 2. Differences between the 
two measurements of one series ranged from 5-50 mV. Both drained series remained at a 
constant value of approximately 450 mV throughout the experiment. Upon waterlogging, 
soils with either species showed an initial reduction of the redox potential. Soils with R. 
thyrsiflorus reached a constant value of 250 mV after 28 days; soils with R. palustris 
remained constant at a higher potential, 350-390 mV, from day 25 on. 
time (days) 
Figure 2: Redox potentiah (mV) in drained (open symbols) and waterlogged (closed 
symbols) soiL· with either Rumex thyrsiflorus (triangles) or Rumex palustris (squares). 
Waterlogging started on day 21. n-2. 
All plants survived except for one R. thyrsiflorus of the waterlogged series. Plants in the 
waterlogged series of R. thyrsiflorus had produced significantly less shoot biomass in week 
6 and less root and shoot biomass after week 10 compared to the drained series (Fig. 3). 
In week 6, the waterlogged series of R. palustris also had less biomass compared to the 
drained soil series but in week 10 the waterlogged series had produced the highest 
biomass. 
As illustrated in Table 1, nitrogen was available in every soil, either as NH4+ or N03', 
throughout the experimental period. That the amount of ammonium present was sufficient, 
both for plants and nitrifying bacteria, becomes obvious from the fact that compared to the 
drained soils at the start of the experiment, increased amounts of ammonium were found 
in all soils in week 10. In all drained soils N03" was the predominant N form. Upon 
waterlogging the NH47N03' ratio of the soil increased for both species. In contrast to 
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waterlogged soils with R. thyrsiflorus, N03" was still present in week 6 in soils with R. 
palustris and far less NH/ accumulated in the soil towards the end of the experiment, 
resulting in a smaller increase of the NH47N03" ratio. 
Д. thyrsiflorus R. palustris 
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Figure 3: Mean dry matter accumulation (g) of shoots and roots of R. thyrsiflorus and R. 
palustris in drained soils (open bars) and waterlogged soils (grey bars), (+ 1 SD, n=4-5). 
Waterlogging started in week 4. In week 4 the bars indicating the drained soils also 
represent the starting point of the waterlogged series. Different letters on top of the bars 
indicate significant differences between soils or sampling times (p^O.05). 
The nitrifying capacity of the drained soils increased from week 4 to 6 and then remained 
constant (Fig 4). The major difference between the two species occurred in waterlogged 
soils. Waterlogged soils with R. palustris showed an increase from week 4 to 6, followed 
by a small decrease in week 6 to 10, resulting in an equally high nitrifying capacity as in 
week 4. In contrast, waterlogged soils with R. thyrsiflorus, maintained a constant nitrifying 
capacity from week 4 to 6 followed by a major decrease, resulting for week 10 in a 
nitrifying capacity of approximately 10% of that in week 4. 
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Table 1: Mean ammonium and nitrate concentrations ф,тоІ g ' DW) in drained (D) and 
waterlogged soils (W), with either R. thyrsiflorus or R. palustris (± 1 SD, n=4-5). 
Waterlogging started in week 4. In week 4 the values of the drained soils aho represent 
the starting point of the waterlogged series. Different letters indicate significant differen­
ces between soiL· or sampling times within one species (psO.05). 
R. 
R. 
Week 
number 
Soil 
type 
thyrsiflorus 
4 
6 
10 
palustris 
4 
6 
10 
D 
D 
W 
D 
W 
D 
D 
W 
D 
W 
0 . 1 1 
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6 . 0 6 
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SH 
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NO, 
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Figure 4: Mean nitrifying capacity 
(nMol NM; g ' dry soil h') of drai­
ned soils (open bars) and waterlog­
ged soils (grey bars) with either R. 
thyrsiflorus or R. palustris (+ 1 SD, 
n=4-5). Waterlogging started in 
week 4. In week 4 the bars indica­
ting the drained soils also represent 
the starting point of the waterlogged 
series. Different letters on top of the 
bars indicate significant differences 
between soils or sampling times 
(P&0.05). 
10 
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The nitrate reductase activity (Fig. 5) in the leaves seemed to be a good reflection of the 
NH47NO]~ ratio in the soil as presented in Table 1. This means that in all soils where 
NO]' was an important part of the soil-mineral N a relatively high nitrate reductase activity 
was found. The only exceptions were the R. palustris plants in waterlogged soils, which 
combined a high nitrate reductase activity with a high NH47NO," ratio. 
5 a 
ft thyrsiflorus 
30 
20 
io 
0 
E I 
ab 
Τ b 
_¿_ lil 
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- ι ab 
ab τ 
τ n-U 
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time (weeks) 
Figure 5: Mean nitrate reductase activity (μηιοί N02' g' DW h') in leaves of R. thyrsi­
florus and R. palustris grown on drained soils (open bars) and waterlogged soils (grey 
bars), (+1 SD, n=4-5). Waterlogging started in week 4. In week 4 the bars indicating 
drained soils also represent the waterlogged series. Different letters on top of the bars 
indicate significant differences between soils or sampling times (ps.0.05). 
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Table 2: Quantities of nitrogen (mmol and %) per pot in week 10, accounted for by soil 
mineral nitrogen (NH4* + NOj) and plant biomass (assuming an average content of 1500 
μηχοί g' DW) for drained (D) and waterlogged soils (W), with either R. palustris or R. 
thyrsiflorus. To each pot a total amount of 19.98 mmol of NH4* had been supplied. 
Soil lype R. thyrsiflorus R. palustris 
D 14.38 (72 %) 18.10 (91 %) 
W 14.96 (75 %) 16.36 (82 %) 
Discussion 
The first experiment showed the nitrate reductase activity of leaves of both plant species 
to be a good indication of NO/ availability in the soil throughout a large part of the day. 
This affirms the higher nitrate reductase activities in leaves of plants supplied with NO·,' 
compared to plants supplied only with NH4
+
 as reported before (Langelaan & Troelstra, 
1992; Barro et al., 1991). 
It is very iikely that nitrification took place in the waterlogged soils with R. palustris. 
According to the literature the measured redox potential was high enough to expect the 
presence of oxygen (Pearsall & Mortimer, 1939; Watanabe & Furusaka, 1980), needed for 
the nitrification process. Also the nitrifying capacity remained at a high level after 
waterlogging. One must bear in mind that these parameters were measured in a mixture of 
rhizosphere and bulk soil. As a result of oxygen consumption and the fact that the oxygen 
is released at the root-soil boundary, an oxygen gradient may develop in the soil. This 
means that, in the close proximity of roots with aerenchyma both the oxygen availability 
and the nitrifying capacity might even have been higher than measured in the mixed 
samples. The relative low mineral nitrogen content of waterlogged soils with R. palustris 
(Table 1) can be explained by the large N accumulation in biomass (Fig. 3). Although no 
precise nitrogen balance could be calculated, an estimation of the nitrogen retrieved could 
be made. The estimated amounts of nitrogen incorporated in plant biomass plus the 
mineral N of the soil are given in Table 2. The N content of the plants was, based on 
previous experiments, assumed to be 1500 μπιοί per g dry weight. Since the N recovery in 
the waterlogged and drained pots were high and almost equal, N-losses as a result of 
nitrate reduction or immobilisation will not have played a major role, as was the case in a 
previous experiment (Engclaar et al., 1991). The high nitrate reductase activity of R. 
palustris grown in waterlogged soils (Fig. 5) indicates that at least a part of this nitrogen 
was taken up as N03" (Langelaan & Troelstra, 1992). The nitrate reductase activity was in 
both the waterlogged and the drained pots higher than the basal level found for NH4
+ 
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nutrition (Fig. 1 combined with Fig. 5). The high NH 4 7N0 3 ' ratio for the waterlogged 
soils with R. palustris is then explained by a high uptake rate of NO/ by the plant, 
possibly in combination with some nitrate reduction in anoxic microsites in the soil. 
In the waterlogged soil with R. thyrsiflorus no nitrification took place. The applied NH/ 
accumulated in the soil (Table 1) and the nitrifying capacity drastically decreased (Fig. 4). 
The relatively low nitrate reductase activity of plants grown in waterlogged soil, approxi­
mately the basal level, indicated that nitrogen had predominantly been taken up as 
ammonium by the plant (Fig. 1 combined with Fig. 5). In contrast, nitrification did occur 
in the drained soil where the nitrifying capacity increased during the experiment (Fig. 4) 
and N03" was produced. In these pots the nitrate reductase activities were significantly 
higher indicating that NO,' has been available to the plants. So inhibition of nitrification in 
the presence of R. thyrsiflorus was a direct result of the waterlogging treatment, which 
resulted in anoxia as illustrated by the low redox potential (Fig. 2). The redox potential 
was below the critical value for oxygen presence (Pearsall & Mortimer, 1939). It remained 
constant at 250 mV, a value at which N03" disappearance is usually observed (Patrick Jr., 
I960). The stabilisation at this redox level might be due to a poising effect by N0 3 ' that 
was already present at the start of waterlogging (Gambrell & Patrick Jr., 1978) or slow 
downward diffusion from small amounts of N03" originating from the more oxygenized 
water layer. 
In contrast to our previous experiment (Engelaar et al., 1991) no negative correlations 
between plant biomass and the nitrifying capacity of the soil was found excluding 
influences that soluble root exudates may have on nitrification. In fact, a positive 
correlation was found for the waterlogged pots of R. palustris in week 10. The nitrifying 
capacity was positively correlated with shoot biomass (psO.Ol). This could be the result of 
a larger radial oxygen loss, and subsequent stimulation of the nitrifying capacity, by a 
larger plant. Still, there seemed to be a tendency for the nitrifying capacity to show a 
slight decrease even in those treatments where sufficient oxygen and NH/ were available, 
namely both drained series and the waterlogged series of R. palustris. This effect was also 
found in previous experiments (unpublished) and can not be accounted for yet. But 
compared to the effects of waterlogging for Λ thyrsiflorus it was only of minor import­
ance. 
In conclusion we can say that waterlogging in the presence of R. thyrsiflorus resulted in 
anoxia, a repressed nitrification capacity and an accumulation of NH/ in the soil. When 
the soil remained aerated via radial oxygen loss, as happened with R. palustris, the redox 
potential and nitrifying capacity of the soil remained at a far higher level. The maintenan­
ce of a sufficiently high nitrifying capacity in the rhizosphere of R. palustris was also 
indicated by the level of nitrate reductase in the leaves, which remained high after 
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waterlogging. 
Combining this experiment with the previous one (Engelaar et al., 1991, see chapter 6), it 
is concluded that nitrification can be maintained in the rhizosphere of a plant with 
aerenchymatous roots under waterlogged conditions, but only when sufficient NH4* is 
present to support both the plant and the total microbial population. 
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CHANGES IN NITRATE UPTAKE AND CHEMICAL COMPOSITION OF 
RUMEX PALUSTRIS AND PLANTAGO MAJOR SSP. MAJOR 
AS A RESULT OF SOIL COMPACTION 
Summary 
1. Net nitrate uptake rates, chemical composition and nitrate-reduction rates of Rumex 
palustris and Plantago major ssp. major plants grown on loose or compacted soil were 
studied. 
2. Compaction lead to a decreased growth rate for both species. Internal nitrogen concen-
trations of P. major were enhanced when plants were grown on compacted soil. This was for 
a large part caused by an accumulation of nitrate. 
3. Measurements with an ion-specific electrode, after transfer of plants to a nutrient solution, 
showed that plants of both species grown on compacted soil had higher nitrate uptake rates 
when expressed per unit lateral-root length or lateral-root surface then plants grown on loose 
soil. For Plantago it was also increased when expressed per unit shoot or root-dry weight. 
4. For both species net nitrate uptake seemed independent of internal nitrate concentrations, 
whereas application of K.CN showed the uptake to be an active process. It is assumed that 
efflux from the root and diffusion into the root can only have played a very minor part in the 
nitrate acquisition. 
5. Both species showed increased root nitrate reductase activity when placed in a NO," 
containing nutrient solution but only R. palustris was theoretically able to reduce the largest 
part of the nitrate taken up. 
6. Nitrate reductase activities in R. palustris and in the shoots of P. major correlated well 
with the internal nitrate concentrations. Roots of P. major showed no correlation at all. 
Compartimentation of the internal nitrate concentrations and nitrate reductase activities is 
likely to occur in these roots. 
7. The responses of both species can be beneficial in the habitats they occupy with frequently 
changing nutrient availability but they do not explain the differences in niche between the 
two species. 
Key words: active nitrate uptake, niche difference, nitrate efflux, nitrate reductase activity, 
Introduction 
Soil compaction can be caused by trampling or by fluctuating water levels. As a result the 
contribution of large pores to the total pore volume decreases (Coulon & Bruand 1989) 
and the bulk density and resistance of the soil to root penetration increase (Kamaruzaman 
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Jusoff 1988; Vomocil & Flocker 1961). Soil compaction can impose a nutrient stress on 
plants (Kemper, Steward & Porter 1971). When the soil moisture content is high a 
decreased pore volume can result in soil hypoxia (Boone et al. 1986) and it is not always 
possible to distinguish between the effects of poor aeration and increased mechanical 
resistance of the soil (Shierlaw & Alston 1984). This paper will deal with the effects of 
increased mechanical resistance only. 
The rate limiting step in nutrient acquisition under field conditions is often the supply of 
nutrients to the roots via diffusion and mass flow (Watanabe, Olsen & Danielson 1960; De 
Willigen & Van Noordwijk 1987). The size and distribution of a root system determine 
which part of the nutrients in the soil solution is available to the plants (Van Noordwijk & 
de Willigen 1991). The growth of roots is impeded at high bulk densities (Bengough & 
Mullins 1991; Veen & Boone 1990) and the remaining growth is restricted to a smaller 
soil volume (Blom 1978; Engelaar, Jacobs & Blom 1993). The negative effect of restricted 
root growth on nutrient uptake is illustrated by the beneficial effect supplemental fertiliza­
tion has on oats with restricted root development (Schuurmans 1971). 
Plant roots may react to soil compaction and subsequent nutrient deprivation in several 
ways. When the compaction is local they may concentrate at sites with more favourable 
conditions (Garcia, Cruse & Blackmer 1988). Physiological and morphological adaptations 
to nutrient depletion include an increase of their uptake capacity or affinity (
 таж
, 1/K,,,) 
and an increase in root fineness as area per unit mass (Gutschick 1993). Combinations are 
also observed, e.g. redirected root growth and an increased P-uptake per unit length of 
roots grown in compacted soil compared to roots of the same plant grown in uncompacted 
soil layers (Shierlaw & Alston 1984). One essential nutrient of which the internal concen­
trations were shown to be lower as a result of soil compaction for wheat is nitrogen 
(Atwell 1990). A reduced internal nitrogen content as a result of compaction may also 
invoke some physiological responses. Barley and tobacco plants grown at low nitrate 
concentrations showed higher uptake rates when transferred to a solution with a high 
nitrate concentration than plants grown at high concentrations (Deane-Drummond 1982; 
Rufty Jr, MacKnow & Volk 1990). The existence of two mechanisms for the induction of 
nitrate uptake for Chara corallina was proposed (Deane-Drummond 1983), one associated 
with nitrate reduction, induced by nitrate and one associated with N-deprivation. These 
two mechanisms might respectively correspond largely with the low affinity transport 
system (LATS) and high affinity transport system (HATS) described by Siddiqi, Glass & 
Ruth (1991). These systems were reported to be passive with a low Q10 and active with a 
high Q10, respectively. Net nitrate uptake is the result of influx minus efflux from the roots 
and the efflux proved to be highly correlated with the internal concentration in the roots 
(Deane-Drummond & Glass 1983). Since passive uptake (LATS) depends on a difference 
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between internal and external concentrations a high nitrate reductase activity in the roots 
reducing the internal nitrate concentration would therefore be very beneficial to obtain a 
high net nitrate uptake. Stimulation of N-uptake by starvation could be the result of 
changes in the HATS, e.g. V ^ or K,,,. 
The presented paper investigates compaction-induced changes in internal concentrations, 
nitrate-uptake rates and nitrate reductase activities of two river foreland species, which 
grow on sites with different levels of soil compaction, and evaluates the ecological 
importance of these changes with respect to the distribution of these species. 
This is part of a large research project investigating the niche of different species in a 
flooding gradient (Blom 1990; Van der Sman 1992; Voesenek 1990) in relation to soil 
compaction (Engelaar et al. 1993). The species investigated in this paper have been chosen 
on basis of their appearance in the field: Rumex palustris Sm. from wet, untrampled sites 
(Blom et al. 1990) and Plantago major ssp. major L. growing on relatively dry places, on 
and directly along heavily trampled paths (Haeck 1992). 
Materials and Methods 
PREPARATIONS 
Seeds of Rumex palustris and Plantago major ssp. major were collected in the Rhine delta 
area, the Netherlands. They germinated on moist filter paper in petri dishes at a tempera­
ture of 10°C 12h/25°C 12 h. Seedlings with two fully developed leaves were transferred to 
already prepared pots. These pots, with a volume of 1.7 litres were filled with calcareous 
river sand. The soils of half the number of pots were compacted by hand after saturation 
with water. The bulk densities of the uncompacted and compacted pots ranged from 1.02 
to 1.18 g. cm'3 and from 1.34 to 1.41 g. cm"3, respectively. Total pore volumes were 55-61 
% and 46-49 % for loose and compacted soils, respectively. At the start of the experiment 
soils were moistened with tap water to 60% of their water holding capacity. In the 
uncompacted series 38-46 % of the total soil volume and in the compacted series 22-28 % 
was occupied by gas filled pores. A lid was placed on all the pots, with a hole for the 
plants in the centre, confining the sand. After potting of the seedlings the pots were 
randomly placed in a greenhouse. Additional PAR of 150 /iE.m^.s"1 was given during a 16 
h day period by sodium (Philips Son-T 400W) and mercury lamps (Philips HLGR) with 
day and night temperatures of 21-24° С and 18°C respectively. Water losses due to évapo-
transpiration, were compensated for by adding nutrient solutions to a predetermined weight 
every day. This solution which contained 0.5 mM Mg2+, 3.0 mM K+, 2.0 mM Ca2+, 4.0 
mM NO,", 0.5 mM H2P04, 1.75 mM SO,2" and traces of FeEDTA, Cl\ B3 \ Mn2+, Cu2+ 
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and Mo6* was applied to the bottom of the pot by means of a syringe. Nitrogen was 
supplied only as nitrate since a mixed gift of ammonium and nitrate might affect the 
nitrate uptake positively (Smart & Bloom 1988) or negatively (Lee & Drew 1989), 
possibly depending on the status of the internal controls over nitrate uptake (Jackson & 
Volk 1992). 
SAMPLING 
Measurements started 9 weeks after potting. The aim was to measure as much as possible 
plants of comparable size and age. Therefore, every day one plant, the largest at that time 
independent of age, was sampled two and a half hours after start of the day period. Plants 
and soil were carefully removed from the pots and the roots were rinsed with tap water 
during 3-5 minutes removing, all the soil. A preliminary experiment showed that this 
treatment did not significantly influence the nitrate uptake rate by intact plants (unpub­
lished). Hereafter, the plants were transferred to the plant compartment of the system 
presented in fig. 1. This system consisted of two independent circuits. The first had a total 
internal volume of 600 ml and existed of a plant cuvette, an aeration cuvette and an 
electrode cuvette through which a nutrient solution was pumped. The second closed circuit 
contained a thermostatic water-bath (Haake G, Germany) keeping the temperature of the 
nutrient solution at 25"C. The nutrient solution, pumped through the system at a rate of 
1800 ml per minute, consisted of 5 mM MES-buffer with the trace elements in the same 
concentration as during the growth period, while the concentration of the macro nutrients 
was decreased to one tenth of the concentration applied to the pots. At this NO, concen­
tration (400 μΜ), the uptake of nitrate is an active process (Doddema & Telkamp 1979; 
Glass et al. 1990). This was checked by supplying KCN (final concentration 1 mM) to 
additional plants and comparing the uptake rates before and after this addition. Also, this 
concentration (400 μΜ) is higher than the critical concentration ensuring that the active 
uptake rate is V
max
 (Doddema & Telkamp 1979; De Willigen & Van Noordwijk 1987). 
The solution was brought to a pH of 5.6 with TRIS-buffer. Net nitrate consumption by the 
plant was measured with a nitrate-specific electrode (Philips, IS 561-N03-) in combination 
with a reference electrode (Yokogawa SR20/AP24), for a period of 120-160 minutes that 
started 20-30 minutes after transfer of the plants. The signal of the electrode was con­
verted by a mV-meter and send to a plotter (BBC, Goerz Metrawatt SEI 20, Austria). The 
pH was monitored by a pH electrode (Hanna Instruments, HI1911) in combination with a 
Methrom 654 pH-meter. During the measurements the nutrient solution and a perspex 
cylinder placed over the shoot were flushed with moistened air preventing excessive 
evaporation. Four TL lamps (Philips TLD 18W/84) provided a PAR of 100/tE.mls1. 
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Figure 1: System for measurements of net nitrate uptake rates with a closed circuit 
containing 600 ml nutrient solution existing of: (1) root compartment, (2) perspex shoot 
compartment flushed with water saturated air to minimize plant transpiration, (3) pump, 
(4) aeration compartment, (5) electrode compartment with pH-electrode, NOj electrode 
and reference electrode (6) pH-meter, (7) mV-meter, (8) plotter. The nutrient solution was 
kept at 25"C by a second circuit of a thermostatic water-bath with internal pump (10). Air 
for aeration of the solution and shoot compartment was water saturated in a large flask 
(11). Lighting was provided by 4 TL lamps (9). 
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Directly after the nitrate uptake measurements nitrate reductase activity in the roots and 
shoot of the plant were determined in duplicate or triplicate by a modification of the assay 
described by Jaworski (1971). For the shoot the youngest 2 or 3 fully developed leaves 
were cut into segments of 0.5 χ 0.5 cm after removal of the nerves. Between 100 and 250 
mg fresh weight of these segments were put into 25 ml flasks wrapped with aluminium 
foil, containing 4 ml 0.25 M phosphate buffer (pH=7.8) with chloramphenicol (0.5 
mg/ml). After two 1 minute periods of vacuum infiltration, 1 ml 0.2 M KN03 solution, 
containing 1-propanol (75 μΙ/ml) was added, and the flasks were closed with a rubber 
stopper. Samples of 0.4 ml were taken after 30 and 60 minutes incubation at 30°C in a 
shaker (60 rpm). N02" accumulation was measured colorimetrically using a photospcctro-
meter (Vitatron). The same assay was used for 300-500 mg fresh weight of 1.0-1.5 cm 
long root segments but now the flasks were flushed for 1 minute with N2-gas before each 
incubation period. 
After determination of lateral root length, lateral root volume, lateral root fresh weight, tap 
root fresh weight and shoot fresh weight, the dry weight of shoot, tap root and lateral 
roots were measured (24h, 70"C) and lateral root surface area was calculated from the total 
root length and lateral root volume. Hereafter, plants of the same species and treatment 
were combined into one sample and internal nutrient concentrations of the samples were 
determined according to Troelstra (1983). 
Of each species and both treatments 5 plants were sampled and used for nitrate uptake rate 
measurements. Also, of each species and both treatments 3 plants were sampled without 
the nitrate uptake measurements. These plants were sampled later in the day and served as 
control values, not exposed to N03", for the nitrate reductase activities. 
Statistical analyses: Differences in plant growth parameters, uptake rates and calculated 
reduction rates within one species between pots with either loose or compacted soil were 
analyzed by student-T tests. Growth parameters were log transformed and percentages 
arcsin transformed first. Differences in growing period between the compacted and loose 
series of one species were tested with a Mann-Whitney U-test. Differences in nitrate 
reductase activity within the shoots and roots of one species were analyzed by means of a 
two way ANOVA with compaction and exposure to a N03" solution as main effects. When 
interaction between the main effects occurred a Tukey test was subsequently carried out. 
Linear regression lines were calculated for the mean internal nitrate concentrations versus 
nitrate reductase activities (Sokal & Rohlf 1981). All statistical analyses were made with 
the aid of the SAS statistical package (SAS institute Ine, Сагу, North Carolina). 
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Results 
Final dry weights and length of growing period show that Plantago plants on compacted 
soil produced in a significantly longer period significantly less shoot and lateral-root dry 
weight (Table 1). For R. palustris plants the growth period on compacted soil was also 
significantly longer but shoot dry weight and lateral root dry weight were not negatively 
affected. Tap root dry weight decreased significantly when plants were grown on com­
pacted soil. 
Table 1: Ranges in growth period (GP, days), shoot dry weight (SDW, g), lateral root dry 
weight (LRDW, g) and tap root dry weight (TDW, g) of Rumex palustris and Plantago 
major ssp. major plants grown on compacted (C) or loose (L) soil (n=4-5). An asterisk 
indicates a significant difference between the loose and compacted series within one 
species (p^.0.05). 
R. palustris 
P. major 
L 
С 
L 
С 
GP 
67-80* 
87-97 
64-81* 
97-103 
SDW 
0 . 9 0 - 1 . 6 1 
0 . 5 2 - 1 . 7 0 
0 . 6 8 - 1 . 8 1 * 
0 . 1 6 - 0 . 5 9 
LRDW 
0 . 2 7 - 0 . 4 9 
0 . 1 3 - 0 . 4 7 
0 . 2 9 - 0 . 9 1 * 
0 . 0 8 - 0 . 3 0 
0. 
0. 
0. 
0. 
TDW 
, 7 5 - 1 . 2 0 * 
, 1 6 - 0 . 7 3 
, 0 1 - 0 . 0 6 
. 0 1 - 0 . 0 4 
Table 2: Free N11/, N03', organic nitrogen and total nitrogen concentrations of shoot and 
roots of R. palustris and Plantago major ssp. major plants grown on loose (L) or com­
pacted (C) soil. Of each species and treatment 3 plants were combined into 1 sample. 
Contents are given in цтоі. g DW'. 
NH4* NOy N-organic N-lolal 
R. palustris 
P. major 
shoots 
L 
С 
16 
10 
lateral roots 
L 
С 
shoots 
L 
С 
roots 
L 
С 
8 
10 
3 
7 
1 
6 
34 
19 
53 
80 
12 
446 
53 
536 
1920 
1905 
1074 
1141 
1234 
1775 
771 
850 
1970 
1934 
1132 
1231 
1249 
2228 
825 
1392 
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For R. palustris N concentrations of plants grown on loose or compacted soil did not 
differ very much (Table 2). For P. major, plants grown on compacted soil had a higher 
total N concentration which was the result of a higher free N03" and a higher organic N 
concentration. 
R. palustris plants grown on compacted soil had a higher net uptake rate when expressed 
per unit lateral root length or unit lateral root surface area (Table 3). For P. major plants 
the uptake rates of plants grown on compacted soil were higher when expressed per unit 
shoot dry weight, lateral root length, lateral root dry weight or lateral root surface area. 
Addition of KCN reduced the uptake rates to 0-5 % of the initial rate. 
Table 3: Mean nitrate uptake rates (μηιοΐη ') per plant, per g shoot dry weight (SDW), 
per m lateral root length (LRL), per g lateral root dry weight (LRDW) and per 1000 cm2 
lateral root surface area (LRSA) of Rumex palustris and Plantago major ssp. major plants 
in a nutrient solution after growing in loose (L) or compacted (C) soils. n=4-5. Standard 
error of the mean is given between brackets. An asterisk indicates a significant difference 
between the loose and compacted series within one species (pa0.05). 
Plant 
2 4 . 5 
( 3 . 6 ) 
23 .4 
( 3 . 1 ) 
2 4 . 2 
( 3 . 3 ) 
19.4 
( 5 . 9 ) 
SDW 
2 0 . 0 
( 3 . 2 ) 
2 1 . 8 
( 1 . 3 ) 
2 0 . 1 * 
( 2 . 0 ) 
4 7 . 7 
(8.Θ) 
LRL 
0.35 * 
( 0 . 0 4 ) 
0.82 
( 0 . 1 2 ) 
0.28 * 
( 0 . 0 3 ) 
1.02 
( 0 . 1 8 ) 
LRDW 
6 9 . 1 
( 8 . 3 ) 
8 6 . 3 
( 5 . 4 ) 
4 9 . 3 * 
( 7 . 0 ) 
143.7 
( 3 6 . 0 ) 
LRSA 
30.7 * 
( 4 . 2 ) 
6 1 . 1 
( 8 . 3 ) 
24.8 * 
( 2 . 4 ) 
73.2 
( 1 3 . 9 ) 
There was no large difference in the chemical composition (Table 4) between plants 
grown on compacted or loose soils for most ions. For R. palustris there was an increase in 
organic nitrogen content in both tap roots and lateral roots and an increase in potassium in 
lateral roots when grown on compacted soil. Large amounts of nitrate were only present in 
the lateral roots. P. major showed a slightly increased organic nitrogen content and very 
high nitrate contents in both shoot and roots when grown on compacted soil. Compared to 
R. palustris, P. major accumulated large quantities of sulphate in its shoots. In plants from 
compacted soil this accumulation was less but here higher levels of chloride were present. 
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Table 4: Chemical composition of shoots and roots of Rumex palustris and Plantago 
major ssp. major plants grown on loose (L) and compacted (C) soil and subsequently 
exposed to a nutrient solution for 3 h. Of each species and treatment 5 plants were combi-
ned into one sample. Concentrations are given in ßmol.g DW'. 
N H / K* 
R. palustris shoots 
L 
С 
L 
С 
L 
С 
P. majot 
L 
С 
L 
С 
8 1 4 1 0 
10 1 3 2 2 
Na* 
71 
7 1 
lateral roots 
10 7 9 6 
12 1 0 4 4 
lap roots 
10 4 4 8 
17 4 3 0 
shoots 
3 1 1 2 3 
11 1 0 6 4 
roots 
3 7 4 5 
11 8 3 7 
1 0 3 
1 1 4 
20 
24 
2 3 
54 
2 0 5 
1 9 5 
Ca2» 
374 
4 5 4 
2 5 8 
2 5 2 
2 7 6 
182 
8 0 5 
6 6 2 
217 
2 0 4 
Mg 2 ' 
155 
138 
2 3 6 
2 2 3 
112 
129 
1 0 6 
1 0 9 
1 8 0 
1 7 6 
NO, 
22 
29 
120 
154 
22 
30 
52 
3 1 1 
1 4 3 
3 6 2 
H2PO/ 
85 
88 
8 1 
90 
112 
104 
70 
65 
74 
65 
CI 
78 
77 
87 
78 
18 
12 
98 
2 2 9 
65 
61 
s o 4
2 
2 1 
3 9 
7 0 
5 3 
2 4 
3 8 
5 0 8 
3 4 5 
1 0 3 
68 
N-, 
1 6 7 4 
1 7 2 8 
1 4 2 0 
1 6 4 6 
8 7 4 
1 1 0 4 
1 6 0 0 
1 7 5 3 
1 1 4 4 
1 3 3 5 
N„ 
1 7 0 4 
1 7 6 7 
1 5 5 0 
1 8 1 2 
9 0 5 
1 1 5 1 
1 6 5 8 
2 0 7 5 
1 2 8 8 
1 7 0 8 
Table 5: Average nitrate reduction rates per plant (fimol.h'), percentages of nitrate 
reduction accounted for by roots and shoots and percentage of nitrate taken up, measured 
with an ion-specific electrode, potentially reduced, based on nitrate reduction measure­
ments (n-4-5, all ± 1 SEM). Rumex palustris and Plantago major ssp. major plants were 
grown on loose (L) or compacted (C) soil before being transferred to a 400 μΜ nitrate 
solution for a period of 3 hours. No significant differences between the loose and 
compacted series within one species were found (ps0.05). 
plant 
R. palustris 
L 1 8 . 8 + 1 . 1 3 
С 2 0 . 3 ± 3 . 7 9 
P. major 
L 5 . 3 4 ± 1 . 3 4 
С 1 . 6 9 ± 0 . 5 1 
% roots 
11 ± 1 . 7 
12 ± 1 . 9 
57 ± 10 
5 3 ± 5 . 9 
% shoots 
89 i 1 . 7 
88 ± 1 . 9 
4 3 ± 10 
47 ± 5 . 9 
% converted 
82 
78 
2 6 
9 . 3 
i 8 . 4 
± 4 . 2 
+ 6 . 5 
± 2 . 0 
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Я .palustris 
Figure 2: Mean nitrate reductase activi­
ties Qimol N02. g DW'. h', + 1 SEM) of 
shoots (open bars) and roots (hatched 
bars) of Rumex palustris and Plantago 
major ssp. major plants grown on loose 
or compacted soil and with and without 
(control) subsequent exposure to a 400 
μΜ nitrate solution (n=3-5). 
CONTROL NO^TREATED CONTROL NO3TREATED 
loose compacted 
The results of the nitrate reductase measurements are presented in Fig. 2 and table 5. For 
R. palustris root activities were always lower than shoot activities. Exposure of these 
plants to the 400 μΜ NO," solution or growth on compacted soil gave a significant rise in 
nitrate reductase activity in the roots (psO.01 and ps0.05 respectively). For the shoot of R. 
palustris a significant interaction effect was found. The Tukey procedure showed that the 
shoot activity of the loose series not exposed to N03" was higher than those of the other 
three treatments. P. major responded differently to both compaction and the nitrate 
solution. For the shoot an increase in activity was found as a result of growth on com­
pacted soil (psO.05). But the largest effect was achieved by exposure to the N03" solution 
which resulted in a major increase in root nitrate reductase activity (psO.001, Fig. 2). 
From table 5 it becomes obvious that in the case of R. palustris the shoots theoretically, 
that is on basis of the measured nitrate reductase activities, reduce the largest part of 
nitrate whereas for the P. major the contribution of roots and shoots is approximately 
equally large. The relative contribution of roots and shoots to the reduction of nitrate was 
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not affected by growth on loose or compacted soil for both species. Also the total amount 
of nitrate being reduced by the plant and the percentage of nitrate taken up which could 
have been reduced, on basis of the nitrate reductase activity measurements, were not 
affected. For R. palustris about 80 % of the net nitrate uptake could have been reduced 
with the measured nitrate-reductase activities; for P. major the activities only account for a 
minor part of the net-nitrate uptake. 
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Figure 3: Nitrate reductase activities 
(μηιοί N02. g DW'. h') of shoots (open 
symbols) and roots (closed symbols) of 
Rumex palustris and Plantago major ssp. 
major plants grown on loose or com­
pacted soil versus their internal nitrate 
concentrations. Nitrate concentrations 
were determined on combined samples of 
3-5 plants of the same species and treat­
ment. Significant linear regressions 
between the two parameters are repre­
sented by the lines. P-values were 0.0004, 
0.0005 and 0.022 for the shoots and roots 
of R. palustris and shoots of P. major, 
respectively. 
100 200 300 400 500 600 
[ NO3-] Internal 
Fig. 3 gives the relation between the internal nitrate concentrations and nitrate reductase 
activities for roots and shoots. For this figure the control plants were also taken into 
account. There was a clear relation between the internal nitrate concentrations and nitrate 
reductase activities with the exception of P. major roots which showed no trend at all. 
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Discussion 
Some remarks must be made about the method used and the interpretation of the data. The 
measured uptake rales were the result of an active uptake process as may be concluded 
from the inhibition by KCN. When measuring active uptake rates a different Km is found 
in depletion experiments compared to plants treated with different but constant ion 
concentrations (Wild, Woodhouse & Hopper 1979). The uptake rates in our experiments 
remained constant with decreasing NO," concentrations throughout the entire measurement 
indicating that V,,,,,, was measured at substrate concentrations well above the Km value. It 
was not possible to derive a good N balance in our experiment due to an unexpected high 
increase in organic nitrogen in plants that were exposed to the N0 3 ' solution. This was 
most likely caused by the uptake of MES or TRIS, both containing N, by the plant roots. 
The amount of buffer added was high enough to account for the increase in organic N. 
Finally, in the expression of uptake rates per unit root the whole lateral root system was 
taken into account. Although this was not checked, it was concluded from literature that 
the major part of a healthy root system contributes to the nutrient acquisition making any 
corrections for non-active root material unnecessary (Phillips et al. 1976). The high S0 4 2" 
content of Plantago (Table 4) reflects the high availability of this ion in the applied 
nutrient solution. It is used to compensate for the cations that were taken up. In R. 
palustris the difference between anorganic cation content and anorganic anion content is 
much larger. Electro-chemical equilibrium in R. palustris is maintained by a large pool of 
organic anions. This carboxylate pool is produced when large quantities of anorganic 
anions, e.g. N0 3 ' , arc reduced in the plant (see Troelstra 1983). 
Although the compaction caused a delay in growth no effects relating directly to a nutrient 
stress were found. R. palustris did not show decreased nitrogen contents and for P. major 
the concentrations even increased when grown on compacted soil (Table 2). The higher N 
content in Plantago plants from compacted soil indicates a kind of luxury consumption. 
However, this increase could be the result of the decreased growth rate of the plants 
(Coleman, McConnaughay & Bazzaz 1993). Also for both species shoot/root ratio did not 
decrease as is often observed when plants become N-stressed (Hilbert, 1990; Rufty Jr. et 
al. 1990). Still there was a distinct physiological response of both species reflected by the 
net nitrate uptake rates. In contrast to the findings of Hackett (1969) for R. palustris it 
made a difference to what root parameter the uptake rates were related in order to Find an 
effect of compaction. The laterals of Λ palustris grown on compacted soil had a lower 
specific root length (110.4 meter root per g DW, SEM 12.0) than those grown on loose 
soil (200.9, SEM 10.8). This is of major ecological importance since it implies that with 
an equal lateral root dry weight and uptake rate per g dry weight and a higher uptake rate 
150 
chapter 8 
per unit lateral root length of the plants on compacted soil (Tables 1 & 3) these morphol­
ogically different roots were able to support the same amount of functional biomass with a 
less elongated root system compared to plants grown on loose soil. In this case the tap 
root is considered to be non-functional with respect to carbon or mineral nutrient acquisi­
tion. 
The fact that no changes in N03" concentration of the nutrient solution were found after 
addition of KCN is in favour of assuming no measurable N0 3 efflux from or diffusion 
into the roots. This would imply that for both species per unit root length or surface area a 
larger amount of ΝΟ
λ
" was indeed actively taken up from the solution by the roots of 
plants grown on compacted soil. In R. palustris efflux may have been prevented by the 
high percentual nitrate reduction keeping internal N03" concentrations relatively low 
(Tables 4 & 5). Also a part of the NO, may be transported to the shoots before being 
reduced. An indication for such a mechanism are the high correlations in shoots and roots 
between nitrate reductase activities and internal NO,' concentrations (Fig. 3), which were 
also found in other experiments for different Rumex species (Langelaan & Troelstra 1992). 
The somewhat higher nitrate reductase activities in roots of plants exposed to NO," then 
would be a reaction to the uptake of N03" by the plant (Fig. 2). A final argument against 
possible efflux from or diffusion into the roots is the fact that the increased influx rates 
(net uptake rates) per unit root length or surface seemed independent of the internal 
concentration (compare Tables 4 & 5). 
For P. major a smaller plant grown on compacted soil took up the same amount of NO," 
as a large plant from loose soil resulting in significantly higher uptake rates when 
expressed per unit root length, surface area or invested biomass (table 3). The ecological 
implications are the same as for R. palustris. The uptake rates seem even more independ­
ent from internal N03" concentrations as the plants from compacted soil not only show the 
highest uptake rates but also the highest internal concentrations (Tables 2, 3 and 4). 
Although there is a large increase in root nitrate reductase activity when exposed to the 
N03" (Fig. 2), this activity was independent of the internal N03 ' concentration in the roots. 
This could be explained by assuming a compartimentation of the N03" in different cells 
within the root as proposed by Siddiqi et al. (1991). Such a compartimentation could result 
in small increases in N03 ' content in nitrate-reducing cells, explaining the increase in 
measured nitrate reduction rates. Even when there would be no differentiation between 
cells there could be a compartimentation within each cell. A large part of the NO, could 
be stored in the vacuole not being accessible to the nitrate reductase. Storage of N03" in 
for instance the vacuole would also reduce the efflux from the root, explaining why at 
such large internal concentrations still a net uptake was found. Storage of NO, could be 
beneficial to Plantago. Besides having a reserve N-pool at smaller energy costs when 
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storing NO3" compared to proteins (Millard 1988) it might have its implications on root 
growth. Storage of NO," increases the osmotic force driving cell expansion (Sprent & 
Thomas 1984). If the same increase in osmotic force by NO," accumulation occurs in root 
cells this might contribute to the expansion force of the root needed to penetrate com­
pacted soils. 
There was a difference between the two species with respect to the acquisition and use of 
available nitrate. Λ palustris seemed to effectively reduce any nitrate that was taken up 
thus keeping its internal pool small. The fact that R. palustris plants from both loose and 
compacted soil showed this behaviour means that even if the plants grown on compacted 
soil may have been nitrogen limited this would become more obvious from a decreased 
growth rate than from decreased internal concentrations. P. major is very unlikely to have 
been N-limiled since the large internal pool should be readily available when needed 
(Millard 1988). But assuming compartimentation it may hold true that the internal NO," 
was not available for reduction and that external supply to the plant when grown in soil 
was too low to induce a constantly high nitrate reduction level. In such a case the 
increased uptake rates per unit root can be explained as an adaptation to the low external 
supply. The high total nitrogen content might also indicate that P. major on compacted 
soil was inhibited in its growth by another factor than nitrogen supply, e.g. water. These 
plants are known to be very sensitive to a low soil moisture content in their early growth 
stages (Blom 1976). Due to évapotranspiration the top soil in our pots dried quickly. In 
uncompacted soils the seedlings would be able to elongate their roots quickly into the 
moist soil. But in the compacted soil the roots encountered a higher resistance. The 
seedlings of Planlago, having a smaller root at the start than R. palustris, were probably 
not able to reach the deeper, moister soil in a short time. This would result in a longer 
establishment period with the observed delay in growth. 
Both species are able to show plasticity in their ability to take up NO,'. They increased 
their net uptake rates in response to soil compaction, although the NO," taken up was dealt 
with differently. Such an increase in uptake capacity is considered to be very beneficial 
when a flush of increased nitrogen availability occurs (Kachi & Rorison 1990). Both 
studied species inhabit places where such fluxes are likely to occur. Rumex palustris on 
sites that are regularly flooded with river water making nutrients more readily available. 
Plantago major on and along paths were rain water runs over the compacted soil carrying 
nutrients from the sites with a more dense vegetation or which are occasionally provided 
with cattle manure. But, since both species show a considerable plasticity in uptake 
characteristics it is highly unlikely that their field distribution is a result of a difference in 
nutrient acquisition possibilities. This plasticity seems to be a characteristic of many plants 
independent of their habitat. The explanation for the specific niche of the investigated 
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species occupy is found mostly in specific morphological, physiological and life-history 
adaptations to hypoxia in the case of R. palustris (Blom 1990; Blom et al. 1990). The 
occurrence of P. major ssp. major is largely determined by its ability to grow in soils with 
a high mechanical resistance and its resistance to trampling by cattle or machinery (Haeck 
1992) once the conditions for germination and establishment have been favourable (Blom 
1976). 
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GENERAL DISCUSSION 
This section summarizes the main results of this thesis and relates them to the aims that were 
stated in the first chapter of this thesis. At the end of the chapter a general scheme, combin-
ing the main conclusions, is given. First of all we have to realise that, in order to inhabit a 
certain niche species need to be adapted to detrimental conditions or avoid them in every life 
stage. The adaptations described in this study are restricted to the established phase and seed 
production. In order to explain the occurrence of the investigated species completely, one will 
have to look at other life stages as well. 
Evaluation of adaptations to soil hypoxia in relation to trampling-induced soil 
compaction. 
It was clear from all experiments that Rumex acetosa L., the species with no adaptations 
in the established phase to flooding, waterlogging (chapters 2, 4) or trampling (chapters 2, 
3) was also unable to resist a combined treatment (chapters 2, 5). This lack of adaptations 
was found at the most basic level, i.e. reaction to soil hypoxia, a small soil pore diameter 
(chapter 5) and the recovery from shoot damage (chapter 2). The absence of such 
adaptations makes it almost impossible for a species, such as R. acetosa, to occur on 
frequently waterlogged and/or heavily compacted sites. The possibility of a dormant 
seedbank, from which the population may establish itself in more favourable periods, is 
virtually zero as may be concluded from the flowering characteristics (chapter 2) and 
previous research (Voesenek, 1992). So the survival strategy of this species must be 
maintenance and thus it has to have a high competitive ability in the densely covered 
grasslands where it occurs. The high competitive ability of R. acetosa when compared to 
other Rumex species, which occur on sites with a lower competitive pressure, was 
illustrated in previous research (Voesenek, 1990). 
Survival, growth and flowering characteristics of Rumex crispus L. (chapter 2) showed that 
this species is well adapted to flooding and waterlogging. Voesenek (1990) stated that the 
nature of the adaptations of R. crispus and Rumex palustris Sm. to aeration stress, i.e. 
petiole elongation and aerenchyma formation, were the same and differed only in the 
extent to which they occurred. Also, our results show that the reaction to trampling-
induced soil compaction of both species did not differ very much (chapter 3). Therefore, 
conclusions drawn for R. palustris regarding the response to soil compaction/small pore 
diameter or waterlogging/hypoxia (chapters 4 & 5) are likely to hold true for R. crispus as 
well. From chapter 5 it became obvious that aerenchyma formation in hypoxic soils is 
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inhibited by a small, confined pore diameter. Therefore, in the field this morphological 
adaptation is useless when waterlogged soils are compacted by trampling. It is also 
obvious that intermittent trampling reduces the adaptive value of shoot elongation (chapter 
2). Still both species might occur on heavily trampled, frequently flooded sites when they 
are able to germinate and complete their life cycle in a very short favourable period 
evading the co-occurrence of heavy trampling with floods. 
Both Plantago species are highly capable of surviving short periods of waterlogging or 
flooding in the growing season (chapters 2 & 3). The mechanism is not completely 
understood. Although there are some indications for a kind of aerenchyma formation 
(chapter 5) the extent to which this occurs and therefore its ecological implications, are 
not fully clear. Also the survival seems independent of the ability to obtain atmospheric 
oxygen, since these species were not able to protrude above the water level when flooded 
(chapter 2). It might be that these species obtain the required oxygen by photosynthesis. 
But the relatively small effects of a small soil pore diameter on root extension under 
hypoxic conditions (chapter 5) rather indicate that at least Plantago major ssp. major L. 
does not rely on aerenchyma formation. It seems that Plantago major ssp. pleiosperma 
Pilger, depends even less on a compaction-affected adaptation to hypoxia, as it was the 
only species on which soil compaction resulting from trampling had hardly any effect 
(chapter 3). The ability of P. major ssp. pleiosperma to complete its life cycle in a short 
period (chapter 2) provides an adequate adaptation for the species to survive, assumed that 
the produced seeds survive until favourable conditions for germination occur. The fact that 
P. major ssp. major does not have such a life-history adaptation and is more negatively 
influenced by a combination of a high soil moisture content and trampling (chapter 3) may 
explain the difference in the field distribution of these closely related species with respect 
to flooding. 
Evaluation of adaptations to soil compaction in waterlogged soil. 
Adaptations to soil compaction were most obvious for the Plantago species (chapters 3, 4 
& 5), even if the growth of these species was very negatively affected by a high bulk 
density in some of the experiments (chapters 5 & 8). This negative effect was presumably 
caused by bad establishment conditions (water availability) during early periods of the 
experiments (Blom, 1979). Adaptations to an increased mechanical resistance are influen-
ced in an indirect way by waterlogging, as waterlogging generally decreases the mechani-
cal resistance (Bennie & Burger, 1986; chapter 4). Therefore, when a soil with a high 
mechanical resistance to root penetration becomes waterlogged the adaptations to penetrate 
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this compacted soil become less essential for the plant's performances. However, the main 
effect of waterlogging, hypoxia, may very well occur in compacted soils when an 
impermeable layer exists or water on the top soil prevents gas diffusion into and from the 
soil. Under such conditions root elongation and plant performances may be even more 
negatively affected than by compaction in a drained soil. This is illustrated by the lower 
individual root length for R. palustris when growing in hypoxic quartz sand compared to 
aerated quartz sand (chapter 4). 
Adaptations for nitrate acquisition in waterlogged or compacted soils. 
Chapters 6 and 7 have shown that aerenchyma formation provides more than only oxygen 
to the roots. The formation of a small oxidized layer around the roots by Radial Oxygen 
Loss (ROL) was already proven to be beneficial to plants in hypoxic soils (Laan, 1990). 
The experiments in this thesis have indicated an increase in soil nitrate availability and 
uptake by plants producing aerenchymatous roots in waterlogged soils (chapter 7). 
However, it was also found that not only lack of oxygen but also lack of ammonium 
inhibited nitrification and thus nitrate availability to plants (chapter 6). Thus, in a field 
situation ROL should be beneficial to plant performances by influencing the redox status 
of nitrogen, provided ammonium concentrations do not become limiting. Langelaan and 
Troelstra (1992) showed that although growth rates of Rumex species were highest on a 
mixed supply of nitrate and ammonium or only nitrate, all investigated species grew on 
solely ammonium as well. It would therefore not be justified to claim that the species 
producing no aerenchymatous roots would die as a result of hampered nitrate availability 
upon waterlogging. 
Upon soil compaction R. palustris and P. major ssp. major both were able to increase 
their active nitrate uptake (chapter 8). Such an adaptation is very beneficial in habitats 
with regularly changing nutrient availability. The fact that both these species from totally 
different habitats in the river forelands, and many species from other habitats (see e.g. 
Jackson & Volk, 1990), exhibit this plasticity in uptake characteristics makes it impossible 
that the differences in their habitat can be explained by this phenomenon. Rather, it is a 
relatively general feature of plant species exposed to nutrient depletion and the difference 
in habitats must be explained by a higher flooding resistance for R. crispus and a higher 
resistance to trampling and soil compaction in the case of P. major. 
161 
chapter 9 
Main conclusions: 
1) Plants species without specific adaptations to root hypoxia and without the ability to 
penetrate in a soil with a high mechanical resistance will not occur on sites which are 
regularly flooded, trampled or flooded with intermittent periods of trampling. 
2) Species having adaptations to either waterlogging/flooding or trampling are not 
necessarily adapted to a combination of soil hypoxia and soil compaction. 
3) Regular trampling of wet soils may induce the formation of a hypoxic soil with an 
increased mechanical resistance to root penetration. 
4) Aerenchyma, the most obvious morphological adaptation to soil hypoxia, turns out to 
be useless under conditions as mentioned under point 3. Species relying on such adapta-
tions (R. palustris, R. crispus) will face serious difficulties when waterlogged soils, to 
which they are usually well adapted, become compacted. 
5) By decreasing the capability of plants to elongate their leaves in response to flooding, 
trampling in-between floods negatively affects the formation of aerenchymatous roots. The 
adaptive value of aerenchymatous roots which are already present is also negatively 
influenced, since no oxygen from the atmosphere is available when the shoot is not able to 
protrude the water surface. 
6) A compacted soil that becomes flooded will in most cases not result in a hypoxic soil 
with a high mechanical resistance, since the resistance is likely to decrease with increased 
moisture content. Still, hypoxia may occur in a soil with high mechanical resistance when 
an impermeable layer or the soil pore characteristics (water content, size distribution and 
continuity of gasfilled pores) inhibit gas exchange. 
7) In such compacted, hypoxic soils the elongation of roots may be limited by oxygen 
shortage, but our results indicate that trampling-induced compaction of a hypoxic soil has 
greater effects then hypoxia occurring in an already compacted soil. 
8) An erect growth form and leaf elongation in response to flooding make shoots more 
vulnerable to shoot damage resulting from trampling in intermittent dry periods. 
9) Aerenchyma formation resulting in oxygen loss from the roots can maintain nitrification 
in a waterlogged soil improving growth rates of the plant. 
10) When ammonium availability is limited the better competitive abilities of plants for 
ammonium may repress the bacterial community in both waterlogged and drained soils. 
11) Investigated species showed a remarkable plasticity with respect to nitrate uptake 
rates, which was independent of field occurrence. 
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The general conclusions are schematically presented in figure 1. The names of the 
investigated species are added at some places. By generalizing the conclusions in the 
scheme they may represent many other species showing the same strategies when exposed 
to trampling and/or flooding. 
TRAMPLING FLOODING 
shoot damage | | »oil compaction | | toll waterlogging | | shoot submergence] 
• Increased mecha­
nical resistance 
* decreased soil 
pore diameter 
* decreased soil 
aeration 
• decreased root 
aeration 
J* J-
: strong nervature -radial expansion 
of root tips 
: strong recovery 
* prostrate 
growth form 
plantago major 
P. major ssp. major 
_ -aerenchyma 
formation 
Я. palustris 
(P. major ssp. major) 
- roots at soli / water 
boundary 
Я palustris 
R. crispus 
» hampered gas 
exchange 
> decreased light 
availability 
- leaf elongation 
Я crispus 
R. palustris 
P. major 
i l 
1 
= short life cycle 
P. major ssp. plelosperma 
R. palustris 
Figure 1: Interactions between treatments (reverse/bold), plant performances (=) plus 
environmental parameters (*) and observed adaptations (-) by the studied species. Species 
for which the described adaptation was found in our experiments are included. Parameters 
or adaptations that influence another parameter or adaptation are indicated with arrows. 
A plus or minus shows if the influence is an increase or a decrease, respectively. 
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The results and conclusions of this thesis may now be incorporated in an existing model 
for plant strategies. For instance, the six investigated species can be classified according to 
the theories of Grime (1979). Grime describes 'stress' as those phenomena which restrict 
photosynthetic productivity. Flooding is one of these phenomena. By reducing the quantity 
and quality of light it reduces the photosynthetic activity of plants without directly 
reducing the biomass. Partial or total destruction of biomass is the result of the second 
category of external factors generalised under 'disturbance'. Trampling is likely to result 
in the loss of biomass and is categorized under disturbance. By replacing stress and 
disturbance in the model of Grime by flooding and trampling, respectively, we are able to 
categorize the species studied with respect to the main treatments applied in the experi­
ments (Fig. 2). 
(а) С (b) competition 
R S trampling flooding 
Figure 2: Classification of the species studied according to the model of C-S-R model of 
Grime. Figure (a) represents the calculated classification of some of the studied species as 
proposed by Grime, Hodgon and Hunt (1988). Figure (b) represents the estimated 
classification of the studied species based on their occurrence in relation to flooding and 
trampling. RT=R. thyrsiflorus, RA=R. acetosa, RC=R.crispus, RP=R. palustris, PMM=P. 
major ssp. major and PMP=P. major ssp. pleiosperma. 
It is not possible to replace disturbance in the model of Grime by one of the major effects 
of trampling, i.e. soil compaction. This is because soil compaction itself does not lead to 
the loss of biomass but rather to a decreased exploration of resources and thus indirectly 
to a decrease in photosynthetic production. Therefore, soil compaction should be con­
sidered as 'stress', just as flooding is. As a result, species occurring on trampled sites must 
be quite good stress tolerators as well as ruderals. This means that when the effects of 
trampling were to be separated in a shoot and in a soil component, P. major ssp. major, 
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for instance, could be classified more as a ruderal to stress-tolerator and not as a inter­
mediate between ruderal and C-S-R type as has been done so far (Grime et al., 1988). The 
major change in the relative position of R. crispus when 'stress' and 'disturbance' are 
replaced by 'flooding' and 'trampling' (Fig. 2) also emphasizes that it is not always 
possible to classify a process in the field simply as stress or disturbance. 
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SAMENVATTING 
WORTELS, NITRIFICATIE EN NITRAATOPNAME IN OVERSTROOMDE EN 
VERDICHTE BODEMS 
Inleiding 
In het rivierenlandschap bestaat een gradiënt van terreinen die laag liggen en vaak en 
langdurig overstroomd worden, tot hooggelegen gebieden die niet of nauwelijks aan 
overstroming worden blootgesteld. De laatste decennia wordt in de bovenloop van de 
rivieren in West-Europa een snellere afvoer van regen- en smeltwater bereikt. Regelmatig, 
ook in het groeiseizoen, raken daardoor de uiterwaarden in de benedenloop van deze 
rivieren overstroomd. Planten die op de laaggelegen delen groeien, kunnen daardoor 
tijdens hun groeiperiode voor korte of langere duur met overstroming te maken krijgen. 
Dit varieert van uitsluitend inundatie van de bodem (maaiveldinundatie) tot het onder 
water raken van de gehele plant. Onderdompeling leidt, met name in troebel water, tot een 
verminderde fotosynthese als gevolg van een verminderde lichtinstraling. Tevens wordt bij 
onderdompeling de gasuitwisseling tussen plant en zijn omgeving sterk geremd door de 
verminderde diffusiesnelheid van gassen in water. Deze lagere diffusiesnelheid heeft ook 
tot gevolg dat in een overstroomde bodem nauwelijks zuurstof aangevoerd wordt. De nog 
aanwezige zuurstof wordt snel verbruikt door ademhaling van plantewortels en bodem-
microörganismen. Hierdoor ontstaat een zuurstofarm of zelfs zuurstofloos wortelmilieu. 
Gebrek aan zuurstof heeft een aantal nadelige effecten op de plant. Zuurstof voor wortel-
ademhaling is niet meer beschikbaar. Ook kunnen belangrijke microbiologische processen 
zoals nitrificatie, de omzetting van ammonium in nitraat, niet meer plaatsvinden. In een 
dergelijke bodem daalt de redoxpotentiaal, waarbij elementen zoals ijzer en mangaan in 
gereduceerde vorm in hoeveelheid toenemen en een voor de plant toxisch niveau kunnen 
bereiken. Verder kunnen ook andere toxische produkten, afkomstig van een anaëroob 
metabolisme van planten en microörganismen, ophopen. Plantesoorten die op regelmatig 
overstroomde of natte bodems voorkomen, vertonen een aantal aanpassingen die hen in 
staat stellen zuurstofarme condities in de bodem te vermijden of te tolereren. 
Een aanpassing die snel na het ontstaan van anaerobie in de plant kan optreden is het 
overschakelen van een aëroob metabolisme naar fermentatie. Hierbij worden in de plant 
opgeslagen suikers gebruikt om energie te genereren zonder dat hiervoor zuurstof nodig is. 
De hoeveelheid energie die per gefermenteerd suikermolecuul vrijkomt, is echter vele 
malen kleiner dan bij een aëroob metabolisme. Een plant kan gedurende een beperkte tijd, 
tot zijn reserves uitgeput zijn, van deze aanpassing gebruik maken. 
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Een veel voorkomende aanpassing bij overstromingsresistente soorten is een snelle 
strekking van de bladeren, met name van de bladstelen. Dit gaat vaak gepaard met de 
vorming van nieuwe, aerenchymatische wortels nadat de spruit boven het wateroppervlak 
uitgegroeid is. Aerenchymatische wortels kenmerken zich door het bezit van grote, zich in 
de lengterichting uitstrekkende kanalen. Door deze kanalen kan zuurstof vanuit de 
atmosfeer via de bovengrondse delen naar de worteltoppen worden aangevoerd, zodat deze 
onder aerobe omstandigheden kunnen blijven functioneren. Bovendien kan een gedeelte 
van de zuurstof uit de wortel weglekken waardoor in de nabije omgeving van de wortel de 
bodem van zuurstof wordt voorzien. In deze zone kunnen de zuurstofafhankelijke 
microbiële processen doorgaan, worden gereduceerd ijzer en mangaan weer geoxideerd en 
worden toxische verbindingen van een anaëroob metabolisme afgebroken. Zolang het 
contact tussen de plant en de atmosfeer niet verbroken wordt, kan de plant profijt hebben 
van zijn aerenchymatische wortels. 
Naast de verschillen in overstromingskarakteristiek tussen verschillende delen van de 
uiterwaarden is het tereinbeheer in het rivierengebied een belangrijke factor die de variatie 
in vegetatietypen bepaalt. Met name betreding heeft grote gevolgen voor de plantengroei. 
Betreding gebeurt, behalve door de mens, vooral door vee dat, voor landbouwdoeleinden 
of in het kader van natuurbeheer in de uiterwaarden wordt geweid. Het berijden van de 
bodem met voertuigen kan tot vergelijkbare effecten leiden. De bovengrondse delen van de 
plant raken door betreding makkelijk beschadigd of gaan verloren. Bovendien leidt 
betreding tot verdichting van de bodem. De massa droge bodem per eenheid volume neemt 
toe, waarbij het totale percentage poriën afneemt. Meestal gaat dit gepaard met een 
toename in het percentage met water gevulde poriën. Afhankelijk van het bodemtype en 
vochtgehalte kan verdichting leiden tot een verhoogde weerstand van de bodem waardoor 
de groei van plantewortels wordt geremd. Met name als de bodem een hoog vochtgehalte 
heeft kunnen zuurstofarme omstandigheden optreden. Vooral in vochtige bodems die 
regelmatig betreden worden kunnen zuurstofarme condities gepaard gaan met een hoge 
weerstand van de bodem. 
Een bekende aanpassing van planten aan een verhoogde weerstand van de bodem is een 
verandering van groeirichting binnen de wortel. De wortels gaan direct achter hun top in 
de breedte groeien. Hierdoor worden bodemdeeltjes aan weerszijden van de worteltop uit 
elkaar gedrukt. Dit leidt tot een afname van de bodemweerstand direct voor de worteltop 
waardoor de wortel makkelijker in de lengte kan groeien. 
Doelstelling 
Het eerste hoofddoel van het in dit proefschrift beschreven onderzoek was het bestuderen 
van morfologische aanpassingen van planten aan overstroming en betreding en aan de 
combinatie van beide. Deze aanpassingen zijn geëvalueerd in relatie tot de standplaats van 
enkele hierna te bespreken soorten. Een belangrijke deelvraag hierbij was of wortels met 
lange luchtkanalen, hetgeen een belangrijke aanpassing aan zuurstofarme bodems is, hun 
functie behouden wanneer de externe druk op deze wortels toeneemt. 
Het tweede hoofddoel van het onderzoek was het bestuderen van de invloed van de 
gevonden aanpassingen van het wortelsysteem op de beschikbaarheid en opname van 
nitraat in overstroomde en verdichte bodems. 
De hypothese die in dit proefschrift gesteld is, is dat planten die voorkomen op plaatsen 
die overstroomd en/of betreden worden, aanpassingen moeten hebben ontwikkeld om 
onder deze omstandigheden te kunnen overleven. Aanpassingen aan overstroming kunnen 
nadelig zijn indien er ook betreding plaatsvindt. Betreding kan de effectiviteit van 
aanpassingen aan overstroming verminderen. 
Deze hypothese is getoetst met soorten uit het geslacht Rumex (Zuring) die voorkomen in 
een gradiënt van intensief tot weinig overstroomde gebieden en met vertegenwoordigers 
uit het geslacht Plantago (Weegbree) die aangetroffen kunnen worden op niet tot zwaar 
betreden plaatsen. De vier onderzochte zuringsoorten zijn: Rumex palustris Sm. (Moeras-
zuring), voorkomend op lage, frequent en langdurig overstroomde gebieden, Rumex 
acetosa L. (Veldzuring), afkomstig van hoge, zelden overstroomde posities, Rumex 
thyrsiflorus Fingerli. (Geoorde zuring), van zeer zelden overstroomde plaatsen en Rumex 
crispus L. (Krulzuring), van tussenliggende terreinen die gekenmerkt worden door korte en 
langdurige overstromingen. Deze zuringsoorten komen voor op plaatsen die weinig 
intensief of niet betreden worden. Hier tegenover staan twee ondersoorten van Plantago 
major L. die beide op intensief betreden plaatsen kunnen voorkomen; Plantago major ssp. 
major L. (Grote weegbree) op hooggelegen, weinig overstroomde, intensief betreden paden 
en Plantago major ssp. pleiosperma Pilger. (Getande weegbree) op natte, regelmatig 
betreden plaatsen. 
In de hoofdstukken 2 tot en met 5 worden experimenten beschreven die zijn uitgevoerd 
om de morfologische aanpassingen van verschillende soorten aan onderdompeling, 
maaiveldinundatie, betreding en verhoogde mechanische weerstand te onderzoeken. In het 
eerste experiment dat beschreven wordt in hoofdstuk 2 werd de invloed van onderdompe-
ling en betreding op de plant onderzocht. In de experimenten die in de latere hoofdstukken 
behandeld worden, verschoof de aandacht steeds meer naar de effecten van specifieke 
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bodemparameters, zoals aeratie en poriediameter, op de plant, met name op het functione-
ren van individuele wortels. 
In hoofdstuk 2 worden proeven met R. acetosa, R. empi«, P. major ssp. major en P. 
major ssp. pleiosperma beschreven waarin kunstmatige betreding van plant en bodem, 
onderdompeling en een combinatie van beide toegepast werden in grote buitenbassins. De 
resultaten van aldus behandelde planten werden vergeleken met een onbetreden, niet 
overstroomde groep planten. In de experimenten die in hoofdstuk 3 staan beschreven, 
werden de effecten van betreding van de bovengrondse plantedelen en van de bodem apart 
bestudeerd. Dit onderzoek werd uitgevoerd met R. acetosa, R. palustris, R. crispus, P. 
major ssp. major en P. major ssp. pleiosperma. Tevens werden de weerstanden van de 
onderzochte soorten tegen trekkrachten inwerkend op het blad en het herstel van individu-
ele bladeren na beschadiging onderzocht. In hoofdstuk 4 worden de groeisnelheid en het 
groeipatroon van R. acetosa, R. palustris en P. major ssp. major in verdichte en over-
stroomde bodems beschreven. Hiervoor is een methode ontwikkeld die het mogelijk maakt 
wortels in een overstroomde of verdichte bodem regelmatig te observeren zonder de plant 
te beschadigen of te oogsten. Uiteindelijk worden in hoofdstuk 5 de invloeden van 
zuurstoftekort, een kleine bodemporiediameter en een combinatie hiervan op de groei van 
individuele wortels van R. acetosa, R. palustris en P. major ssp. major getoetst. Hiervoor 
werd het wortelmilieu, bestaande uit kwartszand (poriediameter 0.10 mm) of glazen 
korrels ("ballotini", poriediameter 1.74 mm), doorstroomd met een voedingsoplossing die 
doorborreld was met lucht of stikstof. In deze reeks experimenten werden tevens de 
invloeden van een verhoogde bodemdichtheid en bodeminundatie op zuurstofverlies uit 
individuele wortels bestudeerd. 
In de hoofdstukken 6 en 7 wordt de bijdrage van zuurstofverlies uit aerenchymatische 
wortels aan de instandhouding van een populatie van nitrificcrende microörganismen in het 
wortelmilieu beschreven. Hiervoor werden zowel eigenschappen van de plant en de bodem 
als microbiële parameters gemeten. In deze hoofdstukken is gekozen voor drie soorten, te 
weten R. palustris, een soort die is in staat veel aerenchymatische wortels te produceren, 
en R. acetosa en R. thyrsiflorus die dit vermogen niet hebben. In hoofdstuk 6 werd een 
vaste hoeveelheid ammonium aan het wortelmilieu toegediend. Hierdoor kon er competitie 
optreden tussen de plant, nitrificerende microörganismen en overige microörganismen. In 
hoofdstuk 7 werd de hoeveelheid toegediend ammonium telkens aangepast aan de behoefte 
van het totale proefsysteem (=plant + bodemorganismen), waardoor competitie vermeden 
werd en alleen de betekenis van zuurstofuitscheiding gemeten werd. 
De experimenten uit hoofdstuk 8 toetsten het vermogen van R. palustris en P. major ssp. 
major om hun nitraatopname aan te passen aan een periode van "hongeren". Nutriënten-
schaarste werd geïnduceerd door planten op te kweken op sterk verdichte bodems 
waardoor het wortclstelsel zich niet in dezelfde mate kon ontwikkelen als op losse bodem. 
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Conclusies 
De belangrijkste conclusies van dit onderzoek zijn: 
1) Overstroming van een verdichte bodem leidt meestal niet tot een combinatie van een 
hoge weerstand en zuurstofgebrek. Dit komt doordat met het toenemen van het vochtge-
halte van de bodem de weerstand doorgaans zal afnemen. Een combinatie van een hoge 
weerstand en zuurstofgebrek kan wel optreden als er een ondoorlatende laag aanwezig is 
of wanneer de gasgevulde poriën niet met elkaar verbonden zijn. 
2) Regelmatige betreding van vochtige bodems kan leiden tot het gelijktijdig optreden van 
zuurstoflimitatie en een hoge weerstand waardoor de wortelgroei in deze bodems geremd 
wordt. 
3) Planten, zoals R. acetosa, die niet in staat zijn adaptatiemechanismen aan zuurstofarme 
condities in het wortelmilieu te ontwikkelen en die niet in bodems met een grote dichtheid 
kunnen doordringen, kunnen niet overleven op plaatsen die regelmatig overstroomd of 
betreden worden. 
4) Soorten die aangepast zijn aan bodeminundatie, totale overstroming of betreding zijn 
niet zonder meer aangepast aan een combinatie van deze factoren. 
5) Soorten die afhankelijk zijn van aerenchymatische wortels in zuurstofarme bodems 
zullen grote moeilijkheden ondervinden in vochtige of natte bodems die door regelmatige 
betreding een verhoogde weerstand kennen, aangezien de grote luchtholtes hun structuur 
en functionaliteit onder zulke omstandigheden verliezen. 
6) Betreding in de periode tussen opeenvolgende overstromingen remt de strekking van de 
bovengrondse delen en daarmee de vorming van aerenchymatische lateralen. De effectivi-
teit van eventueel al aanwezige aerenchymatische wortels wordt aangetast doordat er geen 
atmosferische zuurstof meer voor de wortels beschikbaar komt als de spruit niet tot boven 
het wateroppervlak kan strekken. 
7) De rechtopgaande versnelde groei van een spruit als aanpassing aan overstroming maakt 
deze kwetsbaarder voor betreding. 
8) Zuurstofverlies uit aerenchymatische wortels kan in overstroomde bodems leiden tot een 
handhaving van de nitrificatie. 
9) Als er in een bodem gebrek aan ammonium is kan de aanwezigheid van een plant, door 
competitie, de nitrificerende, microbiële populatie in zowel droge als overstroomde 
bodems remmen. 
10) De onderzochte soorten bezitten een grote plasticiteit in snelheid van nitraatopname. 
De gevonden resultaten kunnen het best geïllustreerd worden aan de hand van een 
standplaatsvergelijking van de onderzochte soorten. De twee extremen zijn R. palustris, de 
meest overstromingsresistente soort en P. major ssp. major, de meest betredingsresistente 
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soort. R. palustris vertoont duidelijke morfologische aanpassingen aan overstromingen. Dit 
zijn een versnelde spruitgroei en de vorming van aerenchymatische wortels. Beide 
aanpassingen verliezen echter snel aan waarde als de plant niet alleen wordt blootgesteld 
aan onderdompeling of maaiveldinundatie maar ook aan betreding. De conclusies 5 en 6 
verwijzen naar de verminderde effectiviteit van aerenchymatische wortels als gevolg van 
bodemverdichting. Conclusie 7 illustreert een verhoogde gevoeligheid van een plant voor 
betreding als gevolg van de versnelde strekking van de scheut. R. palustris komt niet voor 
op regelmatig betreden plaatsen. P. major ssp. major is morfologisch zeer goed aangepast 
aan betreden situaties. De bladeren raken moeilijk beschadigd en herstellen goed wanneer 
dit toch gebeurt. De wortels zijn goed in staat te groeien in een verdichte bodem. Hoewel 
deze soort meer moeite had met de vorming van een nieuw wortelstelsel in een geïnun-
deerde bodem dan R. palustris, verklaart dit nog niet helemaal waarom P. major ssp. 
major niet op dezelfde plaatsen als R. palustris voorkomt. De oorzaak daarvoor ligt 
waarschijnlijk in andere factoren, zoals het verschil in eisen aan kiem- en vestigingscondi-
ties tussen beide soorten. R. crispus vertoonde in de experimenten in iets mindere mate 
dezelfde aanpassingen aan overstromingen als R. palustris maar leek iets beter bestand 
tegen betreding. Deze soort komt dan ook voor op plaatsen die regelmatig overstroomd 
worden en die geen al te zware betredingsdruk kennen. R. acetosa is de soort die geen 
aanpassingen aan overstroming of betreding vertoonde. Deze soort komt dan ook alleen 
maar voor op plaatsen die zelden overstroomd worden en een lage betredingsintensiteit 
hebben. Van R. thyrsiflorus is alleen de resistentie tegen maaiveldinundatie bestudeerd. 
Deze was de laagste van alle onderzochte soorten. R. thyrsiflorus bevindt zich in de 
uiterwaarden op de allerhoogste, zeer zelden overstroomde plaatsen. P. major ssp. 
pleiosperma lijkt voor wat betreft de weerstand van het blad tegen beschadiging en het 
herstel na beschadiging veel op P. major ssp. major. Echter, in vergelijking met P. major 
ssp. major ondervindt deze soort veel minder hinder wanneer ze in een vochtige bodem 
staat die betreden wordt. 
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